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ABSTRACT 
The growth of Lolium perenne S23 was studied under 
different conditions of temperature and shade in 
laboratory and in garden plots. Data on plant and leaf 
dry weight were used to establish simple growth models. 
In the laboratory three light intensities (330, 165 and 
85 Innol m2 1) were combined with temperature regimes of 
10/10, 15/10, 15/15, 20/10, 20/15 and 20/20 °C day/night 
in a 16h-photoperiod. Harvests were made when each of 
the first three leaves were fully expanded. In garden 
plots light quantity, light quality, R:FR ratio, 
temperature and total rainfall were monitored with 
seedlings grown in natural light (control), two 
artificial shade conditions (42 and 25% from total light) 
or two natural shade conditions effected by use of young 
poplar trees. Harvests were made at 5 day intervals per 
experiments conducted in June, July 1992 and August, 
September and October 1991. 
As expected significant effects of both light and 
temperature were found on total plant dry weight and on 
leaf dry weight. Increasing shade decreased plant weight 
at the same development stage, but tended to increase 
leaf length. These effects became progressively larger 
at successive harvests. Light also affected leaf cell 
number. Variation was largest in leaf three at 20/20 °C 
in high light and decreased with shade and temperature. 
In field experiments the influence of temperature was 
greater than that of shade on plant and leaf dry weight, 
leaf length and number of leaves coinciding in the main 
with laboratory findings. In contrast, cell number was 
more variable with no clear effect of shade on final cell 
number per leaf. 
Two sets of linear and second order polynomial equations 
were developed relating plant dry weight and that of 
pseudostem leaves, and plant dry weight and that of 
pseudostem plus tiller leaves. Data came from laboratory 
data at 10/10, 15/15 and 20/20°C. Pseudostem leaf dry 
weight was a good predictor of total plant dry weight in 
other laboratory temperature sets. For garden plot 
plants all equations showed good fits for seedlings 
harvested on day 15, but at day 25 the relationships were 
less good, especially in full light in June and July, 
when tillering and the gain dry weight were high. It is 
concluded that all four single models are useful for 
predicting plant dry weight when this is less than 100mg 
and when tillering and dry weight gain is relatively low. 





Lolium perenne L. is a native grass, very abundant in 
Britain (Stace, 1991) and widespread in Europe, 
temperate Asia, and North Africa, which has also been 
introduced into North and South America, Australia and 
New Zealand (Hubbard, 1984). It is a very important 
pasture species (Silsbury, 1971), prominent in meadows 
and old pastures, especially on rich heavy soils of 
lowland locations, and on waste land and roadsides (Tutin 
et al., 1980; Hubbard, 1984; Stace, 1991). This large 
geographical distribution is associated with the 
occurrence of many varieties which have become locally 
adapted or bred. L. perenne S23 is one such pasture 
variety which was bred at Aberystwyth, Wales (Thomas, 
1973). Because of the importance of L. perenne as a 
pasture grass, extensive studies involving collecting 
programmes, agronomic evaluation (Charmet et al 1989; 
Balfourier & Charmet, 1991a; 1991b), and the registration 
of new cultivars (Peterson et al. 1991; Rose-Fricker & 
Meyer, 1991; Rose-Fricker et al.1991; Rose-Fricker et 
al., 1993) have been made. The fact that so many 
cultivars and varieties exist indicates a highly plastic 
species with the capacity for vicarious adaptation to a 
range of environments from lowland pastures in the United 
-1- 
Kingdom to Neotropical savannas such as the Brazilian 
Cerrados (Kornelius & Zoby, 1989). 
In Europe, L. perenne and Tritolium repens, white clover, 
form a sward which has been studied in different 
physiological and ecological aspects (Woledge & Dennis, 
1982; Evans et al. 1989; Woledge et al. 1989a; 1989b; 
1992; LUscher et al. 1992) with the objective of 
obtaining highly productive pastures. Presently in 
Britain and much of the European Community there is 
political pressure to take land cut of agricultural 
production. As a result alternative systems which have 
high productivity are being sought, particularly as the 
present agricultural policy favours less environmentally 
aggressive systems, such as multiple land use in 
agroforestry (INTERNATIONAL CONFERENCE ON AGROFORESTRY, 
1989) 
In this context, a mixed system involving a woody species 
and a highly productive forage grass, like L. perenne,is 
a sensible and ecologically-attractive option. In such 
mixed systems the effects of shade and temperature might 
be expected to be important. This thesis examines light 
and temperature effects on the early stages of growth of 
L. perenne S23 under controlled conditions and in a 
simulated agroforestry system comprising L. perenne grown 
under the natural shade given by plants of Populus alba 
var Raspalje, and artificial shade. 
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1.2 Growth of the grass leaf 
Plant growth is the result of many processes occurring in 
different organs and ultimately dependent on 
photosynthetic activity in leaves (Gallagher, 1985). The 
growth of a grass leaf is largely the result of 
meristematic activity at the lamina base (Sharman, 1945; 
Dale, 1988) which is influenced by temperature (Peacock, 
1975b). At an early stage in primordial development an 
intercalary meristem is established which later separates 
in two, the distal portion giving rise to the lamina, the 
proximal to the sheath. In contrast to most dicotyledon 
leaves, all cells come from the intercalary meristem and 
there is no generalized division over the expanding leaf 
surface. 	Cell expansion is fast when cells leave the 
meristem; 	thus the extension zone which includes the 
meristems is short and totally enclosed in the sheaths 
of the older leaves (Davidson & Milthorpe, 1966; Kemp, 
1980). In the emerged portions of the blade cells are 
fully expanded (Langer, 1979; Dale, 1988). 
To be fully effective as photosynthetic organs, leaves 
require adequate mineral nutrition, sufficient water, 
and near-optimal values of light and temperature e.g. 
(Dale, 1983;1988;1992). Expanded leaves are an important 
sink for mineral nutrients, mainly nitrogen, phosphorus, 
potassium and magnesium. These elements come from the 
soil and may also be recycled from older mature leaves 
-3- 
(Dale, 1983). Leaf growth will therefore be affected by 
root growth and performance; conditions which affect root 
function, such as low soil temperature, soil moisture 
and nutrient stress also influence leaf expansion ( Dale & 
Milthorpe, 1983b). Nitrogen supply is of special 
importance for leaf growth generally and has been widely 
studied in Gramineae (Metivier & Dale, 1977; Robson & 
Deacon, 1978; Dale & Wilson, 1979; Thomas, 1983; Volenec 
& Nelson, 1983; Macadam et al. 1985). It directly affects 
rates of photosynthesis (Dale, 1972; Metivier & Dale, 
1977; Poorter, 1990), photorespiration (Lawlor et 
al.,1987) and respiration (Pilbeam et al. 1986; Barneix 
et al., 1988). 
The importance of water in controlling plant growth and 
function is well known (Dale, 1983a; Dale & Sutcliffe, 
1986), and the significance of water in cell growth has 
been discussed many times (Acevedo et al.,1971; Westgate 
& Boyer, 1984; Van Volkenburgh & Boyer, 1985; Van 
Volkenburgh & Cleland, 1986; Boyer, 1988). For Lolium 
perenne the effect of drought is often considerable in 
the British summer, frequently causing serious reductions 
in leaf growth (Morrison, Jackson & Sparrow, 1980). This 
has led to studies on genetic variation in response to 
water potential, solute potential, elasticity and cell 
hydration • (Thomas, 1987), osmotic adjustment (Thomas, 
1986; Thomas & Evans, 1989; Thomas,1990) and accumulation 
and consumption of solutes (Thomas, 1991). 
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It is well established that the quality and quantity of 
light, affect cell number and cell size in leaves. This 
is true also of temperature. These aspects will be 
considered further subsequently. 
1.3 	Effects of light and temperature on grass plant 
growth: 
1.3.1 	General 
Light is an important factor for leaf and plant growth 
because it is directly involved with photosynthetic 
productivity and in photomorphogenic effects. Shade 
affects both the quantity and quality of light and is an 
ever-present factor in crop production, be it forestry, 
agriculture or horticulture. Crop plants shade each 
other, themselves and weeds, depending on spacing and 
plant architecture. In combined systems of pasture and 
forestry the influence of shade becomes greater because 
as well as shade within the pasture there is shade from 
the trees. Studies involving this complex shading 
situation are few (INTERNATIONAL CONFERENCE ON 
AGROFORESTRY, 1989). 
Temperature also has great importance in leaf and plant 
growth, directly influencing cell division and cell 
extension as well as photosynthesis and respiration and 
thus productivity. Temperature can be directly influenced 
-5- 
by shade and in agroforestry systems both factors often 
interact in controlling plant growth. 
In the field plant growth is influenced by seasonal 
changes, but it is difficult to separate the interacting 
effects of individual climatic factors such as 
temperature and solar radiation on growth since they are 
correlated and follow similar trends with time (Peacock, 
1975a). 
The effects of light and temperature on grasses, the 
interactions between them and association with other 
factors affecting grasses, have been studied since the 
beginning of this century. Early studies were done in 
glasshouses and under uncontrolled conditions with 
barley, Hordeum vulgare (Gregory, 1926), and Kentucky 
bluegrass, Poa pratensis (Petersen & Loomis, 1949). The 
pioneering experimental studies attempting to identify 
the effects of light and temperature on the growth of 
Lolium spp and other grasses were conducted by Mitchell 
and collaborators from 1950 to around 1960. In 1950 he 
identified the need to use controlled environment 
conditions to separate the effects of the main variables, 
light and temperature. 
1.3.2 	The work of Mitchell and collaborators 
In a major series of studies on the influence of light 
and temperature on growth of L. perenne S23 and New 
Zealand Short Rotation (a selection from hybridisations 
between L.perenne and L. multiflorum), Mitchell (1953a) 
observed that the optimum conditions leading to maximum 
plant dry matter were in light intensities of 2000 ft_c* 
at 10°C **for Short Rotation and 2000 ft-c at 18°C for L. 
perenne S 23; and for both cultivars the highest weights 
per unit area of leaf were in 2000 ft-c at 10°C. Maximum 
of rates of leaf appearance for both cultivars were in 
2000 ft-c at 18°C and the maximum tiller number per plant 
in 2000 ft-c at 10°C. Earlier, Cooper (1951) had studied 
the effect of daylength and temperature on Lolium spp, 
including L.perenne S23, and observed that leaf 
appearance and tillering were accelerated by increase in 
temperature, 	but unaffected by photoperiod over the 
range of 9-24 hours. 	Mitchell (1953b) observed that 
development of lateral buds destined to give tillers was 
inhibited by shading or reduction of the period of 
illumination, high temperature and partial defoliation. 
* Mitchell expressed light intensity in foot-candles; 
without further information on his light values, it is 
not possible readily to convert his values into those 
based on energy or number of quanta. 
**Mitchell gave his temperatures in °F; for convenience, 
these have been converted throughout to °C, rounding to 
whole numbers. 
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Mitchell's initial experiments used light intensities 
considerably lower than full daylight. Using a higher 
intensity of light and low temperature (10°C) the 
relative growth rate of Short Rotation was found to be 
greater than that of L.perenne S23, due primarily to a 
greater net assimilation rate under these conditions 
Mitchell, 1954a). At a higher temperature, 18°C, there 
was little difference in net assimilation rate, 
irrespective of light intensity, and the faster growth of 
Short Rotation was primarily due to the formation of a 
larger proportion of leaf tissue. Light and temperature 
interacted with an increase in dry matter of leaves in 
full light at 22°C and under approximately 30% of full 
light at 14°C, tillering being the greatest determinant 
of leaf number and total mass (Mitchell, 1954b). 
Tillering, the appearance of successive leaves on a 
tiller, and the rate of formation of tissue, or an 
individual tiller, were generally faster at the summer 
temperature, but the effects of defoliation or shading 
were more severe (Mitchell, 1954b). For L.perenne and 
Dactylis glomerata and Paspalum dilatatum Mitchell 
(1955) noted that the formation of primary tillers was 
reduced by shading but increased as temperature was 
increased. 
Mitchell (1956) went on to examine the growth of a number 
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of grasses, 	including L.perenne, 	Short Rotation, 
D.glomerata, P.dilatatum, Agrostis tenuis, and Holcus 
lanatus under a constant light source and observed that 
the optimum temperatures for growth of the whole shoot 
were 29°C for the tropical C4 species P.dilatatum and 18 
- 21°C for other grasses. 
Leaf growth was examined in more detail by Mitchell and 
Soper (1958) who compared L.perenne and P.dilatatum under 
shading to 20% of daylight at around 24°C and full light 
at approximately 14°C. Plants grown in full light had 
short, relatively broad leaves and numerous tillers while 
the shaded plants had long narrow leaves and no tillers. 
For L.perenne shade conditions increased the length of 
the cells of the epidermis, although their volume was 
nearly 20% less than that of cells from full light 
plants. For L.perenne, Short Rotation, P.dilatatum, 
D.glomerata, A.tenuis and H.lanatus Mitchell and Lucanus 
(1960) observed that lower day and night temperatures 
(7/1.5°C) induced trends for an increase in percentage of 
dry matter of the shoot, an increase in dry weight per 
unit leaf blade, and a reduction in width and length of 
the leaf blade; these findings agreed with previous 
studies with Poa pratensis (Peterson & Loomis, 1949), 
Phleuzn pratense (Langer, 1954) and L.perenne, Short 
Rotation D.glomerata, P.dilatatum, A.tenuis, and 
H.lanatus (Mitchell, 1956). Mitchell and Lucanus (1960) 
also observed the variable effects of day and night 
temperatures on tillering and, in a subsequent paper 
(Mitchell & Lucanus, 1962), they noted that increasing 
the photoperiod from 8 to 16 hours per day, increased the 
percentage of dry matter in the whole shoot and the dry 
weight per unit area of leaf blade and generally 
decreased the interval between the appearance of leaves 
per tiller. Tillering tended to be less in 8 hours' 
photoperiod than in 16 hours of light. 
The importance of Mitchell's studies lies firstly in the 
fact that he attempted for the first time a detailed 
study of grass growth under controlled conditions of 
environment, 	and secondly in his establishment of a 
framework of results for future work. 
The main findings can be summarized as follows: 
A clear interaction between light, temperature and 
photoperiod in controlling plant dry matter and 
tillering was established. In general, high light, 
and temperatures close to 20°C promoted grass 
growth. 
2 	The rates of leaf production and tillering were also 
influenced by the interaction between light and , 
temperature but this varied between species. 	In 
general high light intensity and long photoperiod 
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promote tillering, provided the temperature exceeds 
around 10°C. 
3 	Both light and temperature and their interactions 
cause clear differences in the anatomy of leaves, 
varying with species. 
4 	For L.perenne the optimum temperature for growth 
was around 18 and 21°C. 
1.3.3 	Effects on leaf and canopy development 
Following 	Mitchell's 	work, 	attention 	has 	been 
concentrated on environmental effects on leaf and canopy 
growth and photosynthetic activity as the main 
determinants, with respiration, of productivity. In 
addition, a considerable volume of work has examined the 
morphogenic effects of light, an area unexplored by 
Mitchell. All the importance of these aspects is now 
briefly summarized. 
In grasses generally, low light intensities lead to 
longer but thinner and narrower leaves, e.g., for 
Hordeum vulgare and Triticum aestivum (Dale et al., 
1972), for L.perenne and D.glomerata (Forde, 1966), for 
L.perenne (Wilson & Cooper, 1969; Colvill & Marshall, 
1981), for Poa mernoralis and P.pratensis (Corré, 1983) 
and T.aestivum (Friend et al., 1962; Friend et al., 1965; 
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Friend & Pomeroy, 1970; Dale et al., 1972),Increasing 
temperatures tend to produce leaves which are longer with 
larger area, e.g., for Festuca arundinacea (Robson, 
1972), for L.perenne and D.glomerata (Cooper, 1964) for 
L.perenne (Thomas & Norris, 1977), for L.temulentum 
(Thomas & Stoddart, 1984), and T.aestivum (Friend et al., 
1962; Friend & Pomeroy, 1970). 
In general, increasing the light intensity increases the 
number of epidermal and inesophyll cells for T.aestivum 
and Lolium genotypes (Forde, 1966; Wilson & Cooper, 1969) 
and size of epidermal cells (Forde, 1966). For Lolium, 
raising the temperature was found to affect leaf cell 
size more than number of cells (Friend, 1966; Wilson & 
Cooper, 1969). 
Rates of leaf appearance and tillering normally increase 
when light intensity is higher. This was observed for 
F.arundinacea (Allard et al., 1991), Lolium spp, 
F.pratensis° and Phleum spp (Patel & Cooper, 1961), 
L.perenne (Robson, 1973a) and L.perenne and P.dilatatum 
(Warrington et al., 1978). Temperate grasses showed a 
marked increase in leaf appearance and tillering as 
temperature is increased from 15°C to 30°C , e.g., for 
Bromus willdenowii ( Hume, 1991), and F.arundinacea 
(Robson, 1972) and Lolium spp (Beevers & Cooper, 1964; 
Peacock, 1975c; 1976; Hunt & Thonias,1985; Hume, 1991). 
For L. perenne the interaction between higher light (38 
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and 117 Wm 2 )levels and temperatures from 20 and 30°C 
increased both leaf appearance and tillering. 
The shape and number of leaves are fundamental components 
of a grass sward canopy affecting the interception of 
light, photosynthesis, respiration and dry matter 
production of single leaves and the canopy itself. 
It is well known that grass plants grown in high light 
intensities develop leaves with a higher photosynthetic 
capacity than those in lower light conditions, e.g., for 
F.arundinacea (Woledge, 1971), Lolium genotypes (Wilson & 
Cooper, 1969) and L.perenne L. S24 (Woledge, 1973; 
Parsons & Robson, 1981). Canopy photosynthesis varies 
according to the availability of light in the grass sward 
as observed for L.perenne cultivars (Woledge & Leafe, 
1975; Woledge, 1977; 1978; Parsons & Robson, 1981; Dennis 
& Woledge, 1982). Photosynthetic rates of grass leaves 
normally increase with an increase of temperature in the 
range of 10 to 25°C, (for F.arundinacea (Woledge & 
Jewiss, 1969; Taylor & Rowley, 1971), Lolium spp (Cooper 
& Tainton, 1968; Woledge & Dennis, 1982)); and this has 
also been observed for canopies of L.perenne (Woledge & 
Parsons, 1986). Maximum rates of photosynthesis of leaves 
and canopies of Lolium spp were found under highest light 
conditions and highest temperatures (Silsbury, 1970; 
Woledge & Dennis, 1982; Woledge & Parsons, 1986). 
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Respiratory losses of carbon dioxide reduce overall dry 
weight gain. Since the important work of McCree (1970), 
which separated that component of respiration due to 
growth from that required for maintenance purposes, the 
role of respiration as a determinant of productivity has 
become clearer. 
Studies comparing different genotypes of L.perenne S23 
with slow and fast respiration of expanding leaves has 
shown that at temperatures of 25°C in controlled 
conditions slow respiration genotypes normally have 
greater dry matter production than the fast respiration 
genotypes (Wilson, 1975; 1982; Wilson & Jones, 1982). 
This was also found for warmer field conditions of summer 
and autumn. The conclusion was that the faster growing 
genotypes had a lower maintenance respiration rate and 
this was confirmed by measuring the respiration rate of 
mature leaves. 
Light intensity also affects respiration and dry weight 
gain. For slow and fast respiration populations of 
L.perenne, Kraus et al. (1993) observed that slow 
respiration lines showed higher dry weight gain than fast 
respiration lines only in high plant densities and not in 
low plant densities, where light was less limiting. 
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1.3.4 	Effects of light quality on leaf and canopy 
growth 
In any study of the effects of shade on plant growth, the 
effects of light quality as well as light quantity must 
be taken into account, especially when natural shade is 
considered. There is substantial literature dealing with 
light quality effects on growth under natural conditions 
and on the mechanisms involved (e.g. Morgan & Smith 
1976; Smith, 1982; Casal & Smith, 1988; 1989a; 1989b). 
For Loliurn and other grasses, and wheat, there are a 
number of studies, many conducted by Casal and his 
collaborators, which relate the effects of light quality 
to tillering and leaf size. 
End-of-day 	light 	quality 	treatments 	in 	other 
dicotyledonous species promote variable effects (Casal 
et al.,1987; Casal & Smith, 1988; Casal & Aphalo, 1989; 
Smith & Whitelam, 1990). In the case of grasses, natural 
end-of-day changes in light quality or the low red: far-
red ratios of light under controlled conditions 
normally reduce tillering when compared to plants given 
high R:FR ratios (Deregibus et al., 1983; Casal et al., 
1985; Kasperbauer & Karlen, 1986; Casal et al., 1990). 
Adding supplementary red light to the base of grass 
plants grown in canopies also increased tillering 
(Deregibus, et al., 1985; Casal et al., 1986). However, 
the position is made more complicated by the fact that 
tillering in unshaded plants, which received a high R:FR 
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ratio from sunlight, is not enhanced by red light but is 
decreased by the addition of far red light (Casal et al., 
1986; Casal et al., 1987a; 1987b). Leaves normally become 
longer when the R:FR ratios are lower for grasses (Casal 
et al., 1987, Casal, 1988). 
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1.3.5 	Objectives of this research 
As has been pointed out, a combination of agriculture and 
forestry systems has great advantages. Firstly, such 
combinations can constitute a less aggressive approach to 
the environment since they may avoid many kinds of 
erosion, make less intensive use of the land, give 
greater biodiversity and offer the chance of reducing the 
number of pests. Secondly, they offer an opportunity to 
combine production of crops which contribute positively 
to the local and global economy in ways not so far 
explored. For achieving and predicting better 
productivity in a tree - forage grass system, many 
aspects have to be better understood including how to 
optimise productivity under different levels of shade and 
temperature with important forage grasses such as Lolium 
perenne. 
The objectives of the work now reported fall into two 
areas: 
To study leaf and plant growth of L.perenne S23 
under controlled conditions of temperature and shade 
and in a simulated agroforestry system in the field. 
To elaborate simple mathematical models from 
laboratory data as predictors of grass growth under 
different conditions of temperature and shade and 
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test them on field data. 	So far, studies of the 
growth of grasses in field and laboratory have not 
been extensively related in this way. 
The results of experiments under controlled conditions 
are presented first, followed by the results from the 
simulated agroforestry experiment which included both 
artificial shade and natural shade from young trees of 
Populus alba. The thesis concludes with simple growth 
models and a final general discussion of the work. 
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CHAPTER 2 - MATERIAL AND METHODS 
2.1 	Material 
Plants of Lolium perenne L. 	S23 (1989 harvest) were 
grown from caryopses provided by Prof. J. L. Stoddart 
from the Welsh Plant Breeding Station, Aberystwyth. Seed 
was stored inside paper and cloth bags at 4°C. For this 
material 100 seed weight was 0.191 g (s.e. ±0.002 g). 
2.2 	Growth Room Experiments (1990 - 1991) 
2.2.1 Cultivation 
A controlled environment room in the Institute of Cell 
and Molecular Biology (Daniel Rutherford Building), 
Division of Biological Sciences, University of Edinburgh, 
was used for the initial laboratory experiments. For 
each run 8.5 x 7.5 x 6.5 cm plastic pots (B.E.F. Growers 
Pot - England) were used. Sand (Levenseat Number 13 fine 
riverwashed sand; British Sands, Fauldhouse, West 
Lothian, Scotland) was used in preference to John Innes 
Compost 1, for ease of removing roots for growth analysis 
work. 
Pots were filled with sand and irrigated with 30cm 3 of 
nutrient solution (Table 2.1), four seeds were sown at 
1cm depth, after which a further 20cm 3 nutrient solution 
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were added. With the above nutrient regime the standard 
application per three plants contained amounts of major 
elements as follows:- N,0.02M; P,0.004M; K,0.014M; 
Mg,0.01M; Ca,0.01M; S,0.014M. 
Table 2.1 Components of the Standard Mineral Solution 
Supplied to Plants. 
Stock Solution 
Malor Nutrients: 








orthophosphate KH2 PO4 
Potassium sulphate 
K2SO4 
Sodium nitrate NaNO3 
Minor Nutrients 
Boric acid H3B03 
Copper sulphate, 
CuSO4 . 5HO 
Manganese chloride, 
MnC12 . 4HO 
Molybdic acid H2M004; 
MoO3 
Zinc sulphate 
ZnSO4 . 7H20 
Strength 	Volume (ml) of 
of Stock Stock Solution 


























50 cm 3 of 1/10 strength solution was given on day 4 and 
therefore pots were irrigated with up to 50 cm 3 full 
strength solution and 1/10 strength solution alternately 
every 4 days. 
Initially, to avoid excessive evaporation, pots were 
maintained in shade underneath the bench. When the first 
leaves ruptured the tip of the coleoptile sheaths, the 
pots were divided into three batches of 50 and each batch 
was assigned to a different light regime. 
Irradiance was provided by THORN 65/80w Warmwhite Warmton 
light tubes. Different irradiance treatments, ranging 
from 330 (Control = C), 165 (50 L) and 85 (25 L) Amol m 2 
were devised by inserting variable numbers of 
muslin layers under the lights 62 cm above the top of the 
pots. The muslin layers were attached to a metal frame 
and to white painted wooden dividing partitions which 
rested on the growing bench. The established light 
intensities were checked between experiments with a LI - 
185 Quantum Sensor(LANBDA Instruments Corporation). 
The red 660 nm and far-red 730 nm quantum fluxes and 
the red : far-red ratio in each light intensity treatment 
was measured using a SKR 100 meter (Skye Instruments Ltd) 
and a SKR 100 - 660 : 730 nm Ratio Sensor (Table 2.2), 
calibrated by Skye Instruments. A small decline in R:FR 
ratios was found with increasing shade. In the laboratory 
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R:FR ratios exceeded 2 which means that strict 
comparability with field conditions, where the ratio was 
always around 1 or less, is not possible. 
Table 2.2 	Red and far-red quantum fluxes and 
red:far-red ratios in growth room 
Light Treatments ( ,&mol m2 s 
Control (C = 330) 	50L (165) 	25L (85) 
Red 	 14.7 	 6.5 	 2.7 
Far-red 	2.1 	 1.0 	 0.5 
R : FR 	 7.0 	 6.5 	 5.4 
The temperature regimes in the various experiments were 
10/10, 	15/15, 	15/10, 	20/10, 	20/15 and 20/20 
(day/night) (± 1°C) with a 16 hour photoperiod. 
The relative humidity (%) in each temperature combination 
varied between 65-70%. The temperature was checked daily 
in each division, using three mercury thermometers 
suspended from a wire attached at the top of the frame. 
Values were also measured using a CASELLA recording 
thermograph. 
2.2.2 Experimental Procedure 
Pots were numbered from 1 to 50 in each batch and each 
plant in each pot also separately identified. Ten pots 
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(numbers 1 to 10) were placed in a position where the 
airflow was greater and served as guard rows. The other 
were assigned for harvest at predetermined times using 
established randomization methods (Lindley & Scott, 
1988). This was done before the first harvest. 
Three days after transferring to the bench, the three 
plants in each pot which had the longest first leaf 
laminae were selected and the remaining plant discarded. 
2.2.3 Harvest Procedure 
Leaves (blades) were measured daily between 9 and 10 am 
using a paper scale. This procedure was carried out from 
leaf appearance until full expansion, when the ligule 
appeared. 
When the first leaf of the control plants was fully 
expanded, as indicated by a failure to increase in length 
on two successive days, the first harvest was made. Four 
pots (twelve plants) from each treatment were used at 
each harvest. Besides the control plants, a set of twelve 
plants from each treatment 50 L and 25 L were also 
harvested at the same time. This procedure allowed 
comparison of plants of the same chronological age but 
younger developmental age; because these harvests were 
not determined in advance they are designated as semi-
chronological harvests. When the first leaves were fully 
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expanded in the treatments 50 L and 25 L, the harvest was 
repeated, but excluding sampling of control plants. This 
allowed comparison of all treatments at the same 
development stage i.e. giving the developmental set of 
harvests. For the second and third leaves the same 
procedure was carried out. When the third leaf was fully 
expanded in treatment 25 L, twelve other randomized 
plants from the control were harvested. This was done to 
give the dry matter of the control set at the end of the 
experiment (Figure 2.1). 
At harvest, roots were washed in flowing tap water and 
carefully freed of sand. The whole plant was blotted. 
Leaf blades were measured and plants separated into 
blades, pseudostem and roots. All material was dried for 
24 hours at 80°C and then weighed. 
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Figure 2.1 	Harvest scheme for leaf 1; the procedure 
for making semi-chronological and 
developmental harvests for leaves 2 and 3 
were similar 
C 	(= 	Control) 
(330 IJ.rnol m 2 s 1 ) 
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-2 -1 
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26L (25%) 
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Harvests 	Harvest Harvest 
C 	50L 	25L 
SOL 
25L 
2.2.4 Cell number determinations 
Plants were grown at temperatures of 10/10 and 20/20°C 
under the three light intensity regimes mentioned. As 
soon as the second and third leaves emerged, they were 
measured daily until full expansion and were harvested 
within two or three days. Cell number of leaf blades was 
determined, using the method of Brown & Rickless (1949). 
Five second and five third leaves from each treatment 
were used. Leaf blades were excised with scissors, 
measured, weighed and cut into segments no bigger than 3 
mm long. All of the segments from each leaf blade were 
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placed in a small tube with 4 cm  of 5 percent chromic 
acid put in a Thunberg tube and evacuated for 20 minutes. 
After 48 hours in chromic acid at laboratory temperature, 
the samples were ground up and aspirated 80 times using a 
Pasteur pipette which was then carefully washed with 1 
cm3 of 5 percent chromic acid; this was added to the 
suspension which remained at 4°C up to 5 days. Solution 
volume was adjusted to a known amount to bring cell 
number to a reasonable level for counting. Homogeneity 
of the suspension was maintained by gentle stirring 
(STUART Scientific Magnetic Stirrer SM 1). Two samples 
from each suspension were taken with a Pasteur pipette 
and counted in a Fuchs Rosenthal haemocytometer with the 
dilutions adjusted to give 100 - 270 cells per grid 
(1.8l). Cell number per grid, per sample and per leaf 
were calculated based on 5 replicate counts. Cell size 
was determined as mean fresh weight per cell, i.e., leaf 
fresh weight divided by number of cells per leaf, based 
on 5 replicates. 
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2.3 	Field Experiments (1991 and 1992) 
2.3.1 Cultivation 
Experiments were conducted in a garden bed at the 
Institute of Cell and Molecular Biology (Daniel 
Rutherford Building Area), Division of Biological 
Sciences, University of Edinburgh. One hundred 15 x 15 x 
18 cm plastic pots (B.E.F. Growers Pot - England) were 
used for each run. Pots were filled with washed river 
sand over thin layers of commercial moss peat (Shamrock, 
Dublin) and small granite chips (1 cm). Sand was 
irrigated with 200 cm 3 of nutrient solution (Table 2.1), 
five seeds of L. perenne S23 were sown at 1 cm depth 
before a further 100 cm 3 nutrient solution were added. 
Before being placed in the garden, pots were put in low 
light in a controlled environment room at 15/10°C. 
Thereafter pots were irrigated with 100 cm 3 of solution 
(Table 2.1) every 4 days. After 10 days when the first 
leaves were 10 - 30 cm long, pots were transferred to the 
garden and submitted to different conditions of natural 
and artificial shade during the following periods: 
1992 
June 	 = 	June 6 to July 1 
July 	 = 	July 1 to July 26 
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1991 
August 	 = 	August 10 to Setember 5 
September 	= 	September 5 to September 30 
October 	= 	October 1 to October 26 
In all experiments after three days in the garden, the 
three plants with the longest first leaves were selected 
and the others discarded. In the garden, plants were 
irrigated every four days according to the system 
mentioned previously, except in 1992, when the interval 
of irrigation varied according to the dryness and 
sometimes 20 cm3 of distilled water were added to the 
Control (full natural light) pots, as necessary. 
2.3.2 Experimental Conditions 
Plants were subjected to five different light treatments 
in the garden. 20 pots were allocated to each treatment. 
The light treatments consisted of a Control (= full 
light), two artificial shade treatments and two natural 
shade treatments (Fig 2.2). The two artificial shade 
treatments were provided by a metal frame (Fig. 2.3) 
covered respectively with one and two layers of Rokolene 
Double Wind Break and Shading - supplied by William 
McNair, Seedsman, Edinburgh. The frame covered with one 
Rokolene layer provided 42% of full natural light and the 
other provided 25% of natural light, measured with a LI 
185 Quantum Sensor (Lambda Instruments Corporation). 
-28- 
Figure 2.2 	General diagram of garden bed experiments 
with with L. perenne L S23 under natural 
light (control), artificial shades (42 and 
25 %) and Poplar light shade (PLS) and 
Poplar deep shade (PDS). 
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1.5m 
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= POPLAR PLANT BUCKET 
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Figure 2.3 	Metal frame covered with one (42L) or two 
layers (25L) of Rokolene Double Wind Break 
and Shading for providing artificial shade 
on L. perenne seedlings. 
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Natural shade was provided by rooted leafy cuttings of 
Populus alba var Raspalje provided by Prof. Paul G. 
Jarvis from the Institute of Ecology and Resource 
Management, University of Edinburgh. Cuttings were 
planted on 25 April 1991 in white plastic buckets (27 cm 
diameter by 22 cm deep) with John Innes No. 1 Compost. 
The cuttings were watered twice a week. In 1992 cuttings 
were fed twice with N-P-K. Buckets were plunged to 2/3 
of their depth in the soil of the garden bed in a such 
way that the top of them remained at the same level of 
the top of the L.perenne pots. The poplar plants were 
distributed in two ways : the first consisted of 20 
buckets plunged side by side (= Poplar Deep Shade) and 
the second one consisted of 13 buckets plunged 14 cm 
apart (= Poplar Light Shade) (See Fig. 2.4). Buckets 
were arranged in such a way that they enclosed two square 
areas of around 90 x 70 cm Fig. 2.5 & 2.6. 
The 20 L. parenne L S23 pots were divided into two lots 
of 10, one set placed in each of the areas (Fig. 2.5 & 
2.6). From 1991 to 1992, Poplar plants stayed outdoors, 
coming into leaf in May/June 1992. 
Light intensity was measured by Skye light sensors. The 
red 660nm and the far-red 730nm quantum fluxes and the 
Ii 
red:far-red ratio were measured in all treatments, using 
the same equipment as previously. Temperature was 
measured using a thermistor calibrated before use. Light 
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Figure 2.4 	Natural shade systems for L. perenne 
seedlings provided by cuttings of Populus 
alba var Raspaije, distributed in two 
arrangements: A. Poplar Light Shade (PLS) 
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sensor calibrations were conducted at the end of July 
1991. Eight light sensors were calibrated against the 
standard sensor, LICOR LI-190 SB QUANTUM SENSOR MODEL 
QUANTUM SR. NO. Q 11654; seven were chosen. For taking 
measurements, sensors were displayed in a rack inclined 
450 in relation to the roof of the Darwin Building. The 
rack was so placed that there was no artificial shade on 
the sensors. Based on the Deltalog programme, light 
measurements were taken each 10 seconds, averaged each 10 
minutes during 48 hours. All sensors were connected to a 
Field Data Logger (Delta Logger) where data were stored. 
After 48 hours, data were collected from the Field Data 
Logger, using a TOSHIBA 1000 LE and then fed into the 
mainframe CASTLE System of the University of Edinburgh. 
Data were analyzed as a Simple Regression by the Minitab 
Statistical Software. The accuracy of the light sensors 
in relation to the standard sensor is shown in Table 2.3. 
Based on the results presented in Table 2.3, the light 
measurements in the different treatments were adjusted as 
appropriate. The measurements of light intensity were 
also compared with manual measurements made with the 
LICOR 1600 steady-state Porometer at each experiment. 
For observing the accuracy of the thermistors, a 
waterbath GRANT type JB1 was used as a standard. The 
temperature of the water was regulated to 27°C and it was 
checked throughout the time against a mercury 
thermometer. Ten thermistors were submerged in the water 
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Table 2.3 	The relationships between light intensity 
measurements (Mmol rn 2 s 1) from quantum 
sensors (x) and the standard sensors, 
LICOR LI - 190 SB Quantum Sensor Model 
Quantum SR NO. Q 11654 (y). 
Field treatments Regressions R2 
Control y = 15.5 + 0.86x 97.7 
42% y = 17.6 + 0.99x 97.1 
25% y = 7.61 + 0.92x 97.5 
Poplar light shade 1 y = 17.2 + 0.77x 95.1 
Poplar light shade 2 y = 10.1 + 0.88x 99.2 
Poplar deep shade 1 y = 10.4 + 0.80x 98.5 
Poplar deep shade 2 y = 17.7 + 0.93x 97.8 
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and connected to a Field Data Logger which was programmed 
for taking data each 10 minutes and averaged hourly 
during 10 hours. Of the 10 thermistors, seven with a 
minimal variation of about 1°C were selected. 
Temperature, light intensity, the red 660 nm and the far-
red 730 nm quantum fluxes and the R:FR ratios were 
measured near the growing point of L. perenne, i.e., at 
the sand surface of the pot (Peacock, 1975b). Thermistors 
were set at the sand surface. Light intensity was taken 
with the light sensor attached to a wooden stick, plunged 
partially into the soil. The light sensors stayed at the 
level of the sand surface, i.e. close to the top of the 
pots. The Red, Far-Red and R:FR ratios were taken 
manually at the same position as the light sensors. 
Measurements of light and temperature were taken in the 
middle of the one square meter area occupied by the 
Control and the treatments 50% and 25%. In the case of 
Poplar light and deep shade treatments, there was a light 
sensor and a thermistor in the middle of each area of 60 
x 60 cm (See Fig. 2.6). The mean of the two sensors was 
used. 
Light sensors and thermistors were connected to a Delta 
Logger which was inside a wooden box, plunged into the 
middle of the garden bed. The measurements of light 
intensity and temperature were taken each 10 minutes and 
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Figure 2.6 	Localization of the light sensor in the 
Populus alba var. Raspaije treatment. 
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averaged hourly. These data were collected with a 
computer TOSHIBA 1000 LE and transferred to the CASTLE 
system in the mainframe at the University of Edinburgh. 
The mean temperatures and total light quantity for each 
treatment were calculated by the Minitab Statistical 
Software every 25 days run. Mean temperatures were 
calculated as the sum of all averaged hourly temperatures 
during each 25 days run, divided by the number of hours. 
Light data were transformed by equations obtained in the 
calibration of the sensors (Table 2.3). The red, far-red 
and R: FR ratios measurements were taken at 9 and 12 am 
and one hour before sunset each day before harvesting, 
i.e. five times in each experiment. 
2.3.3 Environmental conditions 
The environmental conditions varied from June to October, 
as expected. During the period light quantities decreased 
around 73%, for full light (=control) and artificial 
shade treatments, and 52% and 32% for Poplar light and 
deep shade respectively. Times of sunrise and sunset 
changed. Photoperiod decreased during the calendar year. 
The R:FR ratios were similar between the control and the 
artificial shade conditions, but variations in the ratio 
for the Poplar shade treatments were observed throughout 
the runs. By October the Poplar leaves were beginning to 
senesce and fall. Mean, maximum and minimum temperatures 
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decreased from June to October; small variations in 
temperature between shade treatments were detected in 
each run. Total rainfall was the most variable 
environmental parameter, with August the driest month. 
Detailed and fuller coverage of environmental conditions 
in field plots are described later (See Chapter 4). 
2.3.4 Harvest Procedure 
Pots were assigned for each harvest using established 
randomized methods (Lindley & Scott, 1988). The first 
harvest was done five days after plants were placed 
outdoors i.e. when they were 15 days old. The other four 
harvests occurred at intervals of five days. 
At each harvest, twenty pots, five from each treatment, 
were removed from the garden and subjected to the 
procedures described above (See 2.2.3). 
Unfortunately there were insect attacks on L.pererme 
plants in the Poplar deep and light shade treatments in 
1992 field experiments, where it was not possible to 
control them satisfactorily. 
-39- 
2.3.5 	Cell number determinations 
The final cell number and cell size was determined for 
the second and third leaves of the June 1992 run. The 
same technique was used as in the laboratory (See 2.2.4). 
2.4 	Statistical analysis 
The major statistical analysis procedure used in these 
studies was a factorial analysis of variance (ANOVAR), to 
access differences between treatments i.e. main effects 
and interactions between treatments (Sokal & Rohif, 
1981), by the Minitab Statistical Software (Ryan et al., 
1985). The level of significance (p<0.05) and the Least 
Significant Difference (LSD) were determined, using the 
tables in Kokoska & Nevison (1989). 
Linear and quadratic functions were fitted to some data 
using the Minitab Statistical Software. Chi-square 
distributions were calculated to verify the goodness of 
fit of linear and polynomial equations, using tables of 
Kokoska & Nevison (1989). 
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CHAPTER 3 	PLANT AND LEAP GROWTH UNDER CONTROLLED 
CONDITIONS 
The objective of the work developed in this chapter was 
to obtain growth data for L. perenne S23 grown under 
controlled conditions as a preliminary to the field 
experiments. Six sets of temperatures (10/10, 15/10, 
15/15, 20/10, 20/15 and 20/20°C) and three sets of shade 
[total light (= control), 50% and 25% of total light] 
were combined in these runs (See Material and Methods). 
These conditions were chosen to cover the range of 
temperatures, and the lower light conditions likely to be 
encountered in the field. Harvests were made on both 
semi-chronological and developmental time scales (See 
Fig.2.1; Material and Methods). It was from these 
experiments that data were obtained from which to predict 
growth in other controlled conditions and under field 
conditions. 
Data were obtained for plant dry weight, leaf dry weight, 
leaf length at harvest, leaf appearance, number of 
tillers, leaf water content and cell measurements. For 
comparing, the results from the different runs have been 
presented in single sets of tables wherever possible. 
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3.1 Total plant dry weight 
The experimental design allowed growth data to be 
obtained on a semi-chronological and on a developmental 
basis. 
Expressed on a semi-chronological basis (Table 3.1), 
there were no significant effect of temperature 
treatments on plant dry weight by the time that the first 
leaf in the control set was fully expanded. There were 
significant effects of shade on plant dry weight which 
was lower than control in both treatments. Reducing the 
light by 50% (= 50L) reduced plant dry weight by about 
36%, while reducing the light to 25% (= 25L) of the 
control reduced plant weight by around 50%. When the 
second leaf was fully expanded, both temperature and 
shade had significant effects on plant dry weight. The 
effect of shade on dry weight was as before with control 
being larger than the 50L which in turn was larger than 
the 25L treatment; the reduction in dry weight was almost 
proportional to that in light intensity. Control and 25L 
values varied with temperature and there was a tendency 
for the highest values to occur in the 20°C sets in all 
treatments. 
Between the second and the third harvests there was a 
large increase in plant dry weight for all treatments. 
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Table 3.1 
Semi-chronological data. Mean dry weight (mg) 
of plants harvested when Leaves 1 to 3 in the 
Control set reached full expansion. Data came 
from 6 temperatures and 3 light regimes. The 
harvest day is shown (days after sowing). Each 
value is the mean for 4 replicates; and letters 
indicate statistical effects (ANOVA, p<0.05), 
small letters for rows (temperature) and large 
letters for columns (light). The statistical 
analyis is in the Appendix Number 1. Because of 
the light: temperature interaction (see text) 
for the third harvests no statistical effects 
are shown. 
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Light 	 Treatments 
Temperatures 	 100%(Control) 50% 	25% 
oc Harvest Day Harvest 1 
10/10 (32) 5.3 A a 3.2 B a 2.8 B a 
15/10 (23) 4.7 A a 3.3 B a 1.9 C a 
15/15 (19) 4.7 A a 2.9 B a 2.4 B a 
20/10 (16) 4.4 A a 3.0 B a 2.4 B a 
20/15 (14) 5.0 A a 3.2 B a 2.6 B a 
20/20 (13) 5.9 A a 3.5 B a 2.7 C a 
Harvest 2 
10/10 (43) 15.2 A ab 7.0 B a 4.8 C a 
15/10 (32) 17.0 A bc 7.7 B ab 3.6 C ab 
15/15 (26) 13.8 A a 7.7 B ab 3.9 C a 
20/10 (22) 16.4 A b 8.9 B b 5.4 C a 
20/15 (21) 18.6Ac 9.5Bb 5.6Cac 
20/20 (18) 16.6 A b 9.4 B b 5.1 C a 
Harvest 3 
10/10 (53) 45.8 19.9 10.8 
15/10 (40) 50.6 17.3 8.4 
15/15 (32) 38.0 20.4 10.0 
20/10 (30) 71.4 28.9 13.2 
20/15 (26) 48.0 27.1 10.1 
20/20 (24) 64.0 27.3 13.9 
-44- 
The mean value of plant dry weight measurements in the 
control experiments was normally more than twice that for 
the intermediate shade which in turn was more than twice 
that of the deepest shade. Thus the effects of shade 
became progressively greater with time of harvests. The 
effects of temperature were more variable particularly in 
the Control sets. The high values in the 20/10 ° C set 
seemed anomalously large although no obvious reason for 
this can be found. In consequence ANOVA shows an 
interaction between temperature and shade, with the high 
temperature treatments giving large dry weights in the 
Controls set but much smaller in the 25L set. 
Data from harvests based on the developmental stage 
(Table 3.2) presented variable patterns for dry weight. 
When the first leaf was fully expanded, the differences 
between control and shade sets were smaller since the 
shaded plants were harvested later and had grown more. 
Nevertheless shade reduced dry weight by an average of 
30% in the 50L treatment and around 50% in the 25L set. 
For the first harvest the effects of temperature were 
rather variable at each light intensity level and it is 
important to note the relatively small effects of 
temperature compared with those of light intensity. 
There were no temperature effects at the second harvest 
but at the third harvest where ANOVA shows an interaction 
between shade and temperature, shade had a major 
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Table 3.2 
Developmental data. Mean dry weight (mg) of 
plants harvested when Leaves 1 to 3 reached 
full expansion. Data came from 6 temperatures 
and 3 light regimes. The harvest day (HD) is 
shown (days after sowing). Each value is the 
mean for 4 replicates; and letters indicate 
statistical effects (ANOVA, p<0.05), small 
letters for rows (temperature) and large 
letters for columns (light). The statistical 
analysis is in the Appendix Number 2. Because 
of the light temperature interaction (see text) 




Temperatures 100% (Control) 50% 25% 
Harvest 1 
oc HD HD HD 
10/10 (32) 5.3 A b (35) 	3.9 B b (36) 3.1 C c 
15/10 (22) 4.7 A a (25) 	3.7 B ab (26) 2.1 C a 
15/15 (19) 4.7 A a (20) 	3.7 B ab (21) 3.3 B c 
20/10 (16) 4.4 A a (17) 	3.3 B a (17) 2.5 C ab 
20/15 (14) 5.0 A ab (15) 	4.2 B b (15) 3.0 C bc 
20/20 (13) 5.9 A c (14) 	4.1 B b (15) 3.4 C c 
Harvest 2 
10/10 (43) 15.2 A a (49) 12.5 B a (52) 10.1 B a 
15/10 (32) 17.0 A a (36) 13.6 B a (43) 7.6 C a 
15/15 (26) 13.8 A a (28) 11.5 AB a (31) 10.5 B a 
20/10 (22) 16.4 A a (25) 12.8 B a (27) 10.2 C a 
20/15 (21) 18.6 A a (23) 14.9 B a (24) 9.7 C a 
20/20 (18) 16.6 A a (21) 14.1 AB a (24) 12.0 B a 
Harvest 3 
10/10 (53) 45.8 (61) 34.8 (66) 21.9 
15/10 (40) 50.6 (46) 33.6 (53) 20.1 
15/15 (32) 38.0 (37) 33.4 (41) 24.0 
20/10 (30) 71.4 (33) 42.7 (37) 31.3 
20/15 (26) 48.0 (29) 29.0 (33) 21.2 
20/20 (24) 64.0 (27) 35.4 (30) 25.1 
HD = Harvest Day 
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influence on plant size, greater than temperature whose 
effects were again rather variable. From the first to 
third harvest, plant dry weight in control and the 
intermediate shade treatments increased approximately 10 
times and in the deepest shade treatment by around 8 
times. When relative growth rates were calculated with 
developmental data, (Table 3.3) the Control values were 
invariably the highest and the effect of increasing the 
average temperature was generally to increase R. Between 
10/10 ° C and 20/20°C the Qio for R was around 2.5 
initially but for the second harvest interval, (between 
second and third harvests) the Qio  fell to around 2 or 
lower. In keeping with the dry weight data, the lowest 
values of R were found in the 25L sets. 
3.2 Leaf dry weight and leaf water contents 
Leaf dry weight is considered on a semi-chronological 
basis in Table 3.4. Temperature had no significant 
effect on dry weight when control Leaf 1 was fully 
expanded. Control values were significantly larger than 
both shade treatments and 25L gave the lowest values 
which were around 60% of the controls. Control values 
were also higher than the 50L set which in turn was 
higher than the 25L set for leaves 2 and 3. There was an 
increasing tendency for the highest values to occur in 
the 20°C sets in all treatments. There was no 
interaction between temperature and shade for the third 
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Mean relative growth rate (Hunt, 1982) 
R1 2 = L2ge_! LOgj1 
- 'I']. 
Where Loge W2 = Loge total weight per plant 
at the second harvest 
Loge W1 = Loge total weight per plant 
at the first harvest 
T2 - T1 = harvest intervals 
Co 
Table 3.3 
Mean relative growth rates, R, (day) of plants harvested when Leaves 1 to 3 reached full 
expansion. Data came from 6 temperatures and 3 light regimes. Intervals between harvests 
(h), days after sowing, are shown (h 1 - h2 and h2 - h3 ). 
Light 	 Treatments 
Temperatures 100% (Control 50% 25% 
OC h1 - h2 h1 - h2 h1 - h2 
10/10 (32) (43) 0.08 (35) (49) 0.08 (36) (52) 0.07 
15/10 (22) (32) 0.12 (25) (36) 0.12 (26) (43) 0.07 
15/15 (19) (26) 0.15 (20) (28) 0.12 (21) (31) 0.11 
20/10 (16) (22) 0.19 (17) (25) 0.15 (17) (27) 0.13 
20/15 (14) (21) 0.18 (15) (23) 0.16 (15) (24) 0.12 
20/20 (13) (18) 0.21 (14) (21) 0.17 (15) (24) 0.14 
h2 h3 h2 h3 h2 h3  
10/10 (43) (53) 0.11 (49) (61) 0.08 (52) (66) 0.05 
15/10 (32) (40) 0.13 (36) (46) 0.09 (43) (53) 0.10 
15/15 (26) (32) 0.16 (28) (37) 0.12 (31) (41) 0.08 
20/10 (22) (30) 0.18 (25) (33) 0.15 (27) (37) 0.11 
20/15 (21) (26) 0.18 (23) (29) 0.13 (24) (33) 0.09 
20/20 (18) (25) 0.22 (21) (27) 0.15 (24) (31) 0.10 
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Table 3.4 
Semi-chronological data. Mean dry weight (mg) 
of leaves 1, 2 or 3 harvested when the 
corresponding leaf in the Control set reached 
full expansion. Data came from 6 temperatures 
and 3 light regimes. The harvest day is shown 
(days after sowing). Each value is the mean for 
4 replicates; and letters indicate statistical 
effects (ANOVA, p<0.05), small letters for rows 
(temperature) and large letters for columns 
(light). The statistical analysis is in the 
Appendix Number 3. 
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Light Treatments 
Temperatures 100% (Control) 50% 25% 
oc 	Harvest Leaf 1 
Day 
10/10 (32) 1.82 A a 1.20 B a 1.02 B a 
15/10 (23) 1.62 A a 1.30 B a 0.85 C a 
15/15 (19) 1.50 A a 1.12 B a 0.92 B a 
20/10 (16) 1.62 A a 1.15 B a 1.02 B a 
20/15 (14) 1.52 A a 1.20 B a 1.07 B a 
20/20 (13) 1.77 A a 1.25 B a 1.10 B a 
Leaf 2 
10/10 (43) 3.37 A a 1.67 B a 0.85 C a 
15/10 (32) 3.75 A ab 2.20 B b 0.82 C a 
15/15 (26) 3.15 A ac 2.27 B b 0.60 C a 
20/10 (22) 3.95 A b 2.55 B bc 1.55 C b 
20/15 (21) 3.95 A b 3.00 B C 1.85 C b 
20/20 (18) 3.65 A b 2.85 B C 1.42 C b 
Leaf 3 
10/10 (53) 7.75 A a 4.32 B a 1.62 C a 
15/10 (40) 7.17 A ab 3.80 B a 0.97 C ab 
15/15 (32) 6.52 A b 3.92 B a 1.32 C ab 
20/10 (30) 10.65 A C 6.80 B b 2.57 C acd 
20/15 (26) 8.67 A ad 6.62 B b 1.57 C abc 
20/20 (24) 8.52 A ad 7.05 B b 3.47 C cd 
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harvest although again values for the 20/10 ° C set were 
large. The difference in dry weight of fully expanded 
first and third leaves was about 5 - fold in the 
controls, but 4.5 and 1.9 - fold in the two shade sets. 
Leaves normally constituted a high proportion (35 - 
50%) of total dry weight (See below). 
On a developmental basis, Leaf 1 dry weight data (Table 
3.5) showed no significant effects of temperature. 
Control values always were larger than the 50L and 25L 
sets. For Leaf 2 there were statistically significant 
effects of both shade and temperature and although 
temperature values showed no consistent trends, values 
were largest at 20°C day temperatures. Again, 50L and 25L 
treatments resulted in lower leaf weights. The third 
leaf values also showed significant effects of light and 
- temperature. At full size Leaf 3 was more than twice the 
weight of Leaf 2 which was more than twice the weight of 
Leaf 1 for all experimental conditions. 
Leaf weight ratios (Table 3.6) were remarkably unaffected 
by temperature and shade with values varying in the order 
of 40% to 50% at the first two harvests, falling only in 
the controls when Leaf 3 was fully expanded where shade 
treatments maintained high values of Leaf weight ratio 
(Table 3.6). Root: Plant ratios showed higher values in 
the controls than in the shade treatments in the three 
harvests (Table 3.7). 
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Table 3.5 
Developmental data. Mean leaf dry weight (mg) 
of leaves 1,2 or 3 harvested at full expansion. 
Data came from 6 temperatures and 3 light 
regimes. The day of harvest is shown (days 
after sowing). Each value is the mean for 4 
replicates; and letters indicate statistical 
effects (ANOVA, p<0.05),small letters for rows 
(temperature) and large letter for columns 
(light). The statistical analysis is in the 
Appendix Number 4. 
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Light Treatments 
Temperatures 100% (Control) 50% 25% 
CC LEAF 1 
HD* HD* HD* 
10/10 (32) 1.82 A a (35) 1.27 B a (36) 0.97 C a 
15/10 (22) 1.62 A a (25) 1.25 B a (26) 0.80 C a 
15/15 (19) 1.50 A a (20) 1.17 B a (21) 0.97 B a 
20/10 (16) 1.62 A a (17) 1.12 B a (17) 0.90 C a 
20/15 (14) 1.52 A a (15) 1.25 B a (15) 1.02 C a 
20/20 (13) 1.77 A a (14) 1.30 B a (15) 1.10 B a 
LEAF 2 
10/10 (43) 3.37 A ab (49) 2.80 A ab(52) 2.47 B ba 
15/10 (32) 3.75 A bc (36) 3.22 A bc(43) 1.80 B c 
15/15 (26) 3.15 A a (28) 2.55 B a (31) 2.12 B bc 
20/10 (22) 3.95 A C (25) 3.40 A cd(27) 2.70 B a 
20/15 (21) 3.95 A C (23) 3.22 B bc(24) 2.72 B a 
20/20 (18) 3.65 A bc (21) 3.37 A bc(24) 2.90 B a 
LEAF 3 
10/10 (53) 7.75 A a (61) 6.45 B a (66) 4.25 C a 
15/10 (40) 7.17 A ab (46) 6.92 A a (53) 4.30 B a 
15/15 (32) 6.52 A b (37) 7.00 A a (41) 4.60 B a 
20/10 (30) 10.65 A C (33) 8.87 B b (37) 6.55 C b 
20/15 (26) 8.67 A ad (29) 6.27 B a (33) 5.00 C a 
20/20 (24) 8.52 A ad (27) 7.10 B a (30) 5.30 C a 
HD* = Harvest Day 
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Table 3.6 
Leaf weight ratios (Leaf dry weight(mg)/Plant 
dry weight(mg)) of leaves harvested when Leaves 
1 to 3 reached full expansion. Data came from 6 
temperatures and 3 light regimes. The harvest 
day is shown (days after sowing). Standard 
errors shown are for 4 replicates. 
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10/10 (53) 0.38± 0.02 
15/10 (40) 0.36± 0.01 
15/15 (32) 0.39± 0.01 
20/10 (30) 0.34± 0.02 
20/15 (26) 0.40± 0.02 
20/20 (24) 0.35± 0.02 








Temperatures 	100% (Control) 
O C 
HD HD 
10/10 (32) 0.48± 0.005 (35) 
15/10 (22) 0.49± 0.02 (25) 
15/15 (19) 0.41± 0.01 (20) 
20/10 (16) 0.44± 0.03 (17) 
20/15 (14) 0.40± 0.02 (15) 
20/20 (13) 0.42± 0.01 (14) 
10/10 (43) 0.44± 0.02 (49) 
15/10 (32) 0.47± 0.01 (36) 
15/15 (26) 0.46± 0.01 (28) 
20/10 (22) 0.47± 0.01 (25) 
20/15 (21) 0.44± 0.01 (23) 
20/20 (18) 0.45± 0.01 (21) 
Treatments 
50% 	 25% 
Harvest 
RED 
0.47± 0.09 (36) 0.36± 0.01 
0.41± 0.01  0.36± 0.02 
0.42± 0.01 (21) 0.39± 0.02 
0.42± 0.02 (17) 0.41± 0.02 
0.40± 0.03 (15) 0.42± 0.02 
0.42± 0.01 (15) 0.44± 0.02 
Harvest 2 
0.46± 0.02 (52) 0.45± 0.02 
0.47± 0.02 (43) 0.47± 0.02 
0.41± 0.02 (31) 0.46± 0.02 
0.48± 0.03  0.46± 0.01 
0.47± 0.01 (24) 0.50± 0.01 
0.47± 0.02 (24) 0.52± 0.02 
Harvest 3 
0.40± 0.02 (66) 0.43± 0.02 
0.44± 0.01 (53) 0.49± 0.02 
0.41± 0.03 (41) 0.45± 0.01 
0.42± 0.02 (37) 0.48± 0.01 
0.45± 0.02 (33) 0.53± 0.02 
0.46± 0.02 (31) 0.53± 0.01 
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Table 3.7 
Root:plant ratios [Root dry weight (mg) / Plant 
dry weight (mg)] of plants harvested when 
Leaves 1 to 3 reached full expansion. Data 
came from 6 temperatures and 3 light regimes. 
The harvest day is shown (days after sowing). 


















0.18± 0.01 (35) 
0.19± 0.01 (25) 
0.29± 0.03 (20) 
0.23± 0.03 (17) 
0.27± 0.01 (15) 
0.32± 0.02 (14) 
Treatments 
50% 	 25% 
1 
0.18± 0.01 (36) 0.13± 0.01 
0.17± 0.02 (26) 0.08± 0.01 
0.19± 0.01 (21) 0.17± 0.02 
0.19± 0.02 (17) 0.16± 0.02 
0.22± 0.03 (15) 0.15± 0.03 





































0.23± 0.21 (52) 0.19± 0.01 
0.25± 0.02 (43) 0.17± 0.02 
0.27± 0.01 (31) 0.23± 0.01 
0.28± 0.01 (27) 0.24± 0.01 
0.27± 0.02 (24) 0.20± 0.01 
0.26± 0.01 (24) 0.20± 0.02 
3 
0.25± 0.01 (66) 0.20± 0.01 
0.24± 0.01 (53) 0.18± 0.01 
0.28± 0.01 (41) 0.23± 0.01 
0.26± 0.01 (37) 0.22± 0.01 
0.25± 0.02 (33) 0.20± 0.01 
0.24± 0.02 (31) 0.21± 0.02 
HD = Harvested Day 
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It was observed that leaves in the lowest temperature 
treatments appeared to be stiffer than those at 20/20°C. 
This could be due either to these leaves having a higher 
turgor or cell water content or to a greater amount of 
stiffening tissue. Measurements of leaf water content for 
the two extreme treatments 10/10 and 20/20°C indicate 
that the water content of leaves 2 and 3 is always lower 
at the lower temperature (Table 3.8), suggesting that 
structural features are important in determining leaf 
stiffness; the larger proportion of dry matter could 
indicate thicker cell walls. 
3.3 Leaf appearance and tiller numbers 
The influence of temperature on the number of days to 
leaf appearance was greater than the effect of shade 
(Table 3.9). Nevertheless the effect of shade in 
delaying leaf appearance became progressively greater for 
successive leaves; this effect is most noticeable at the 
lowest temperature, but is also detectable for the third 
leaf at 20/20 ° C (Table 3.9). 
Tillers normally appeared after emergence of Leaf 3, and 
tillering was delayed in the low temperatures because of 
slow leaf emergence. Shade greatly reduced the number of 
tillers produced (Table 3.10). The tillers themselves 
increased total leaf surface and contributed to the 
weight of shoot and plant. 
.1 
Table 3.8 	Leaf water content (%) of Leaves 2 and 3 at 
full expansion. Data came from 2 temperatures and 3 light 
regimes. 
Leaf 
Temperatures (°C) 10/10 
Shade Treatments 
	
Control 	 80.0 
50 % 	 81.6 











Table 3.9 	Number of days to appearance of Leaves 1, 2 
and 3 under three light intensities (Control = 330, 165 
and 85 mo1m 2 s - ) and two temperatures sets (10/10 and 
20/20°C). 
LEAF 1 
Temperatures Light Intensities 
Control 50% 25% 
10/10 16 17 17 
20/20 5 5 5 
LEAF 2 
10/10 31 32 34 
20/20 10 11 11 
LEAF 3 
10/10 40 44 47 
20/20 15 16 19 
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Table 3. 10 Developmental Data. Total number of tillers 
per 12 plants at the time of full expansion of the third 
leaf, under three light conditions ( 330 = control, 160 
and 85 j&molm 2s)and two temperature sets (10/10 and 
20/20 °C). 
Light 	 Treatments 
Temperatures 	Control 	 50% 	 25% 
10/10 	 17 	 10 	 2 
20/20 	 22 	 12 	 9 
3.4 Leaf length 
Leaf length data are presented on a semi-chronological 
basis in Table 3.11. There were significant effects of 
shade and temperature when the control first leaf was 
fully expanded. Leaves tended to be longer at high 
temperatures. Apart from treatments at 10/10°C and 
15/10°C, in all other temperature sets control leaves 
were always smaller than those in the 25L set and often 
smaller than those in the 50L set. The largest values 
occurred in the 20/15 and 20/20°C sets in all light 
treatments. 
Data for leaves 2 and 3 are more complicated to interpret 
and ANOVA showed interactions between temperature and 
shade. At lower temperatures leaf lengths for the 50L 
-62- 
Table 3. 11 
Semi-chronological data. Mean leaf length (mm) 
of leaves 1, 2 or 3 harvested when Leaves 1 to 
3 in the Control set reached full expansion. 
Data came from 6 temperatures and 3 light 
regimes. The harvest day is shown (days after 
sowing). Each value is the mean for 4 
replicates; and letters indicate statistical 
effects (ANOVA, p<0.05), small letters for rows 
(temperature) and large letters for columns 
(light). The statistical analysis is in 
Appendix No. 5. Because of the light: 
temperature interaction (see text) for the 
second and third harvests no statistical 
effects are shown. 
-63- 
Light Treatments 
Temperatures 100% 	(Control) 50% 25% 
Oc 	 Harvest L 	E A F 1 
10/10 (32) 55.0 A a 54.0 A a 56.OA a 
15/10 (23) 64.0 A b 68.1 A b 64.3A b 
15/15 (19) 64.1 A b 70.7 B b 79.2C c 
20/10 (16) 66.7 A b 73.0 B b 84.5C d 
20/15 (14) 80.3 A C 85.1 A C 95.6B e 
20/20 (13) 84.8 A C 90.2 B d 93.3B e 
LEAF 2 
10/10 (43) 66.0 55.3 39.4 
15/10 (32) 92.0 87.3 62.5 
15/15 (26) 77.3 88.5 52.7 
20/10 (22) 88.1 103.5 100.4 
20/15 (21) 112.6 140.0 137.2 
20/20 (18) 108.4 137.2 111.0 
LEAF 3 
10/10 (53) 94.4 85.8 41.8 
15/10 (40) 110.9 94.0 52.7 
15/15 (32) 100.5 89.6 57.3 
20/10 (30) 135.0 144.1 90.1 
20/15 (26) 134.1 162.3 80.4 
20/20 (24) 131.5 172.0 141.6 
-64- 
and 25L sets are smaller than the controls since 
development is much slower. At the higher temperatures, 
where development is faster, there is already a tendency 
for the second leaf values in 50L and 25L to be larger 
than the controls and this is seen in full in Table 3.12 
which presents data on a developmental basis. For the 
third leaf the effect of time on length in the shade sets 
is even greater. 
Leaf length data on a developmental basis are given in 
Table 3.12. There were interactions between temperature 
and light in the first and second harvests. For all 
harvests, plants at the higher temperatures had the 
longest leaves, with values in the deepest shade being 
generally higher than in the intermediate which in turn 
were higher than control; these effects were greatest at 
the higher temperatures and do not show for first leaves 
grown at the two lowest temperatures. The increase in 
length from Leaf 1 and Leaf 3 was around 1.75 times for 
all treatments. 
Thus although shaded leaves were longer, their dry weight 
was much less. Consequently dry weight per unit length 
was very different between the shade treatments. Average 
(mg/mm) temperature values were: 
Leaf 1 	Leaf 3 
50 % 	0.016 	 0.043 
25 % 	0.012 	 0.025 
-65- 
Table 3.12 
Developmental Data. Mean leaf length (mm) of 
leaves 1, 2 or 3 harvested when at full 
expansion. Data came from 6 temperatures and 3 
light regimes. The harvest day is shown (days 
after sowing). Each value is the mean for 4 
replicates; and letters indicate statistical 
effects (ANOVA, p<0.05), small letters for rows 
(temperature) and large letters for columns 
(light). 	The statistical analysis is in 
Appendix Number 6. 	Because of the light 
temperature interaction (see text) for the 
first and second harvests no statistical 
effects are shown. 















































10/10 (43) 66.0 
15/10 (32) 90.4 
15/15 (26) 77.3 
20/10 (22) 88.1 
20/15 (21) 112.6 
20/20 (18) 108.4 
10/10 (53) 94.4A a 
15/10 (40) 110.9A a 
15/15 (32) 100.5A a 
20/10 (30) 135.OA b 
20/15 (26) 134.1A b 
20/20 (24) 131.5A b 
LEAF 2 
(49) 71.0 (52) 
(36) 110.3 (43) 
(28) 92.0 (31) 
(25) 122.7 (27) 
(23) 136.6 (24) 
(21) 143.2 (24) 
LEAF 3 
(61) 105.4A a 	(66) 
(46) 136.5B bd(53) 
(37) 122.OB b 	(41) 
(33) 172.7B c 	(37) 
(29) 150.OA Bd (33) 













HD* = Harvested Day 
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Unfortunately leaf width and area were not measured, but 
visually, width variation was small. The differences in 
weight/length are thus most likely to be due to thickness 
and/or density. 
3.5 Cell number and cell size 
The differences in leaf length could reflect differences 
in cell number and cell size. Both were determined for 
the 2 extreme temperature treatments, i.e., 10/10 and 
20/20 - C. 
Both second and third leaves showed lower leaf cell 
numbers at 10/10 than at 20/20°C with the effect of 
increasing shade tending to decrease cell number 
markedly, except for the second leaf at 10/10°C. 
Calculating mean cell fresh weight from leaf fresh 
weight and cell number data (Table 3.13) showed this 
parameter to be slightly larger in value for third leaves 
and for 20/20 compared with 10/10°C. Effects of shade 
were small and variable. Thus leaves are normally larger 
in shade treatments but have a smaller cell number with 
no increase in mean cell size. Because the leaves are 
larger, in shade conditions, epidermal cell size may 
either be larger, or epidermal cells may increase in 
number in relation to those in other layers of the leaf; 
either way the intercellular space are likely to be 
proportionally greater in the low light leaves when 
compared to leaves under higher light conditions. 
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Table 3. 13 
Mean cell number (x10 6) per and cell fresh weight (.tg) when Leaves 2 and 3 reached full 
expansion. Data came from 2 temperatures and 3 light regimes. The day of harvest is shown 
(days after sowing). Standard errors shown are for 5 replicates. 










0.78 ± 0.06 
0.68 ± 0.06 
0.60 ± 0.04 
20/20 
1.26 ± 0.07 
1.32 ± 0.10 
0.66 ± 0.09 
10/10 
1.72 ± 0.1 
1.38 ± 0.18 
0.96 ± 0.05 
20/20 
2.62 ± 0.20 
1.98 ± 0.20 
1.58 ± 0.20 










22.30 ± 3.10 
22.30 ± 1.60 
16.00 ± 1.40 
20/20 
20.52 ± 1.28 
25.20 ± 3.00 
21.44 ± 1.94 
10/10 	 20/20 
	
23.22 ± 2.80 	26.94 ± 13.44 
23.84 ± 2.40 	22.30 ± 11.28 
24.00 ± 3.70 	23.92 ± 9.90 
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CHAPTER 4 - PLANT AND LEAF GROWTH IN FIELD CONDITIONS 
The phase of laboratory studies completed, a further 
series of experiments was conducted under natural 
conditions of shade and temperature. 
This chapter presents results on environmental parameters 
(temperature, irradiance and R:FR ratios), plant dry 
weight, accumulated leaf dry weight, accumulated leaf 
length, number of leaves and tillers, cell number and 
cell size from experiments conducted in garden plots. 
Lolium perenne L S23 seedlings were grown initially in 
controlled environmental conditions and then transferred 
for further growth under five light conditions, full 
daylight (= control), two levels of artificial shade and 
two levels of natural shade, as provided by use of Poplar 
plants (See Material and Methods). Because of the scale 
of this part of the study it was not possible to measure 
leaf length on a daily basis as was done in the 
laboratory. It was only possible therefore to harvest on 
a straight chronological basis and a 5-day interval 
between harvests was chosen as a compromise between the 
need for frequent harvests and the need to complete the 
large volume of work associated with each harvest before 
beginning the next. Five harvests were made in each 25-
day run. 
-71- 
The five separate runs (August - October 1991, June - 
July 1992) generated large volumes of data in each 
experiment and this caused problems both of management 
and of interpretation. As a result the Tables in this 
chapter include only some of the data obtained. Because 
of the importance of characterising the differences in 
environmental parameters between runs, they are presented 
in the first part of the chapter, with plant measurements 
in the second part. In both parts data are presented as 
chronological monthly sequences, independent of the 
year. 
4.1 Environmental conditions 
Light intensity, R: FR ratios, temperatures and rainfall 
were monitored throughout the field experiments and the 
methodology is fully described in Materials and Methods. 
In essence, light and temperature data were collected and 
stored in a Delta-T Logger for later processing. For each 
treatment there were a light sensor, located in the 
middle of the area occupied by the pots and a thermistor, 
installed randomly in a pot at the growing point level, 
covered with a thin layer sand. The R:FR ratios were 
taken manually at three times on the eve of each harvest. 
The rainfall data were obtained from an adjacent site by 
the Department of Meteorology, Faculty of Science, 
University of Edinburgh. 
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Light quantities for the 25 days of each experiment are 
presented in Table 4.1. Data represent the total amount 
of light received during each period. Control (= full 
light) values were the highest, as expected. The value 
obtained for July (mol xn 2 ) was suspected to be too high 
on the basis of photoperiod, temperatures and rainfall 
data, and the tabulated value is an estimate based on 
the proportionality between control and the other 
treatments in other months. 
As expected, the total light received per plot declined 
from June to October. The artificial shade treatments 
reduced incoming light to around 40 and 25% compared with 
the expected values of 50 and 25%. Poplar light shade 
(PLS) gave values close to the artificial shade in the 
later harvests. In June and July of the second year the 
plants were larger and shade effects were proportionally 
greater. 
The sun rise and sun set hours/times (Table 4.2) was 
calculated by the programme Suncaic at the Department of 
Meteorology, University of Edinburgh. The number of 
hours light decreased from June to October, as expected. 
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Table 4.1 
Light quantity (mol 1112)  of each experiment (25 days) 
conducted in the garden of the Institute of Cell and 
Molecular Biology during June and July 1992; and August, 
September and October 1991. Light measurements were taken 
in seven Light treatment points, being in the Poplar 
Light Shade (PLS) and Poplar Deep Shade (PDS) means of 2 
points each. 
Light Treatments 
Periods Control 42% 25% PLS PDS 
1992 Light Quantities (mol m 2 ) 
(6/6 to 1/7) 94.7 45.8 28.2 28.6 14.4 
(1/7 to 26/7) 81.0* 30.3 19.3 19.2 16.8 
1991 
(10/8 to 5/9) 79.4 33.2 20.4 28.8 16.4 
(5/9 to 30/9) 63.9 24.0 17.2 21.2 12.2 
1/10 to 26/10) 28.3 11.8 7.5 13.7 9.9 
* This value is an estimate - See text. 
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Table 4.2 
Times of sun rise and sun set (GMT) on the 10th and 20th 
days of the experiments conducted during June and July 
1992; and August, September and October 1991. 
1992 Sun rise Sun set 
16 3:36 20:50 
June 
26 3:38 20:53 
11 3:52 20.45 
July 
21 4:06 20.33 
1991 
20 4:29 19:33 
Aug 
30 5:19 19:08 
15 5:50 18:26 
Sept 
25 6:10 17.58 
11 6:42 17.16 
Oct 
21 7:04 16.51 
-75- 
The averaged red: far-red ratios (Table 4.3) on harvest 5 
of the five experiments showed quite small variation 
between control and artificial shade treatments 
throughout the experiments. R: FR ratios values observed 
under the Poplar tree shades were always significantly 
lower, with the lowest values under the PDS condition in 
each experiment. Thus although the levels of shade were 
similar, light quality varied between natural and 
artificial shade. 
Mean temperatures over the 25 days of each experiment 
(Table 4.4) decreased from June to October in all 
treatments although between treatments in the same 
experiment the variation was low, as might be expected. 
The averaged maximum and minimum temperatures for five 
days from the control set of experiments are presented in 
Table 4.5. 
The highest maximum temperatures occurred over June - 
August and the lowest temperatures in October. The 
difference between maximum and minimum temperatures was 
around 20C in June, decreasing to around 10°C in 
October. 
Rainfall data (Table 4.6) were variable throughout 1991 
and August was the driest month. Plants were not affected 
by drought at any time because they were well-irrigated 
throughout the experiments (See Material and Methods). 
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Table 4.3 
The average R:FR ratios at harvest 5 for each of the five experiments, conducted during June 
and July 1992, and August, September and October 1991. Data were taken on the eve of the last 
harvest at 9, 12 o'clock and one hour before the sunset. Standard errors shown are for 3 



















0.99 ± 0.01 
(0.97) 
1.01 ± 0.04 
(0.93) 
1.15 ± 0.06 
(1.27) 
1.09 ± 0.02 
(1.12) 
1.05 ± 0.01 
(1.07) 
0.95 ± 0.01 
(0.94) 
0.96 ± 0.03 
(0.90) 
1.02 ± 0.02 
(1.05) 
0.99 ± 0.02 
(1.01) 
0.97 ± 0.02 
(0.99) 
0.92 ± 0.02 
(0.89) 
0.98 ± 0.02 
(.098) 
1.01 ± 0.01 
(1.03) 
0.93 ± 0.03 
(0.87) 
0.95 ± 0.01 
(0.95) 
0.71 ± 0.03 
(0.69) 
0.64 ± 0.03 
(0.58) 
0.77 ± 0.05 
(0.85) 
0.64 ± 0.14 
(0.77) 
0.85 ± 0.02 
(0.87) 
0.59 ± 0.01 
(0.60) 
0.51 ± 0.01 
(0.50) 
0.54 ± 0.08 
(0.64) 
0.48 ± 0.09 
(0.49) 




Mean temperatures (°C) over the 25 days of each experiment conducted during June and July 
1992, and August, September and October 1991. Temperatures were taken in seven Light 
treatment points, being in the Poplar Light Shade (PLS) and Poplar Deep Shade (PDS) means 
of 2 points each. Standard errors shown are for 25 replicates. 
Months 	 Light 	 Treatments 
Control 	 42% 	 25% 	 PLS 	 PDS 
TEMPERATURES 
June 16.9 ± 0.63 16.1 ± 0.51 15.0 ± 0.45 15.0 ± 0.50 15.7 ± 0.45 
July 14.7 ± 1.02 14.1 ± 0.87 14.0 ± 0.93 14.0 ± 0.81 13.8 ± 0.84 
Aug 16.0 ± 0.42 15.6 ± 0.32 15.0 ± 0.32 15.3 ± 0.36 15.3 ± 0.37 
Sept 12.5 ± 1.45 12.2 ± 0.96 12.0 ± 0.93 12.6 ± 0.93 12.7 ± 0.95 
Oct 9.2 ± 0.73 8.8 ± 0.78 8.6 ± 0.75 9.2 ± 0.71 8.9 ± 0.73 
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Table 4.5 
Mean control temperature (°C) over 25 days of each 
experiment and the maximum and minimum temperatures of 
each temperature experiment at every harvest day. 
Mean Temperature (°C) 
Harvests/Temp. (°C) 




June 	July 	Aug 	Sept Oct 
16.90 	14.70 	16.00 	12.50 	9.20 
25.62 
	
21.69 	26.02 	28.12 17.62 
6.10 
	
















28.86 	26.24 	24.48 16.12 
7.19 	8.20 	4.14 	4.80 
22.77 	28.22 	28.64 15.56 
7.22 	10.54 	2.48 	7.19 
27.76 	31.62 	22.55 13.13 
11.98 	6.83 	9.37 	8.10 
Day 25 	Maximum 	29.87 
	
24.94 	30.58 	18.18 13.92 
Minimum 	 8.97 
	
8.94 	7.97 	6.71 	2.20 
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Table 4.6 
Total rainfall (mm) for the calendar months of June and 
July 1992; and August, September and October 1991. Data 
came from the Department of Meteorology, University of 
Edinburgh. 
MONTHS 
June 	July 	Aug 	Sept 	Oct 
Rainfall (mm) 	22.40 	45.10 	17.60 	66.80 	47.50 
-81- 
The heavy rainfall in July suggests that this month was 
unlikely to have very high irradiance figures and 
therefore is justification for ignoring the high value 
for this month. 
4.2 	 Plant growth 
This section presents plant and leaf data from the five 
experiments conducted in the garden plots. 
4.2.1 	Total plant dry weight 
Plants were grown for the first ten days in growth room 
conditions before transfer to the field. The time of 
transfer has been designated day zero and harvests were 
made at 5 day intervals thereafter until day 25, by which 
time the plants were 10 + 25 = 35 days old. Values for 
plant dry weight on successive harvests are given in 
Tables 4.7 to 4.11. Final dry weights are shown in Fig. 
4.1. By day 5 there was not much difference between plant 
dry weight for the different treatments, although the 
October set was the smallest. By day 10, this effect was 
more pronounced and in addition the reduced growth under 
shade was also detectable. By day 15, the June set of 
plants was clearly the largest, with substantial effects 
of shade now obvious; the low autumn temperatures 
-82- 
Table 4.7 
Mean plant dry weight (mg) of plants harvested at day 5 in the garden (15 days after sowing 
and after 10 days in controlled conditions) from experiments conducted in June and July 1992, 
and August, September and October 1991. Data came from five mean temperatures and 5 shade 



















2.23 ± 0.23 
1.93 ± 0.17 
2.37 ± 0.06 
2.72 ± 0.15 
1.64 ± 0.03 
1.33 ± 0.09 
1.67 ± 0.17 
2.23 ± 0.11 
1.86 ± 0.08 
1.70 ± 0.11 
1.32 ± 0.06 
1.93 ± 0.18 
1.84 ± 0.09 
1.87 ± 0.11 
1.51 ± 0.08 
1.65 ± 0.19 
1.87 ± 0.18 
2.57 ± 0.26 
1.93 ± 0.12 
2.11 ± 0.26 
1.73 ± 0.15 
0.78 ± 0.06 
1.94 ± 0.14 
1.86 ± 0.09 
1.76 ± 0.15 
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Table 4.8 
Mean plant dry weight (mg) of plants harvested at day 10 in the garden (20 days after sowing 
and after 10 days in controlled conditions) from experiments conducted in June and July 1992, 
and August, September and October 1991. Data came from five mean temperatures and five shade 




















6.60 ± 0.48 
6.01 ± 0.41 
6.34 ± 0.54 
4.57 ± 0.57 
2.32 ± 0.18 
5.65 ± 0.43 
5.02 ± 0.21 
5.08 ± 0.31 
4.28 ± 0.26 
2.24 ± 0.09 
3.10 ± 0.18 
3.57 ± 0.15 
3.71 ± 0.45 
3.60 ± 0.38 
1.85 ± 0.05 
4.65 ± 0.41 
4.13 ± 0.31 
4.48 ± 0.28 
3.62 ± 0.24 
2.08 ± 0.08 
4.51 ± 0.32 
3.65 ± 0.50 
3.32 ± 0.16 
2.93 ± 0.26 
1.99 ± 0.16 
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Table 4.9 
Mean plant dry weight (mg) of plants harvested at day 15 in the garden (25 days after sowing 
and after 10 days in controlled conditions) from experiments conducted in June and July 1992, 
and August, September and October 1991. Data came from five mean temperatures and five shade 



















21.5 ± 0.91 
14.4 ± 0.13 
13.8 ± 1.77 
11.8 ± 0.32 
3.03 ± 0.08 
15.9 ± 0.34 
11.1 ± 0.76 
9.73 ± 0.55 
7.73 ± 0.23 
2.67 ± 0.04 
8.94 ± 0.40 
7.44 ± 0.96 
5.71 ± 0.35 
5.66 ± 0.27 
2.08 ± 0.16 
13.6 ± 1.11 
7.34 ± 0.58 
9.18 ± 0.29 
6.62 ± 0.89 
2.73 ± 0.25 
12.06 ± 0.66 
6.72 ± 0.78 
7.55 ± 0.43 
6.15 ± 0.27 
2.81 ± 0.16 
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Table 4. 10 
Mean plant dry weight (mg) of plants harvested at day 20 in the garden (30 days after sowing 
and after 10 days in controlled conditions) from experiments conducted in June and July 1992, 
and August, September and October 1991. Data came from five mean temperatures and five shade 

















53.6 ± 4.56 
40.9 ± 4.10 
45.5 ± 3.04 
22.3 ± 3.74 
4.32 ± 0.33 
34.2 ± 2.65 
23.7 ± 1.75 
22.5 ± 1.88 
11.1 ± 1.06 
3.49 ± 0.38 
18.2 ± 1.09 
16.4 ± 1.21 
10.1 ± 0.68 
9.22 ± 0.41 
2.00 ± 0.19 
29.3 ± 2.97 
14.0 ± 2.26 
21.9 ± 0.41 
15.6 ± 2.46 
2.94 ± 0.14 
29.9 ± 2.96 
13.1 ± 1.19 
12.8 ± 1.22 
10.0 ± 0.26 
2.80 ± 0.38 
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Table 4. 11 
Mean plant dry weight (mg) of plants harvested at day 25 in the garden (35 days after sowing 
and after 10 days in controlled conditions) from experiments conducted in June and July 1992, 
and August, September and October 1991. Data came from five mean temperatures and five shade 








102.20 ± 8.72 
99.68 ± 5.02 
79.12 ± 5.67 
47.10 ± 6.78 
6.06 ± 0.36 
Light 
42%  
59.58 ± 3.63 
53.87 ± 5.55 
45.92 ± 3.52 
25.56 ± 2.32 
4.72 ± 0.06 
25%  
34.05 ± 3003 
26.00 ± 1.41 
23.93 ± 1.05 
10.97 ± 1.12 
3.00 ± 0.23 
PLS 
43.08 ± 4.04 
29.08 ± 2.60 
42.86 ± 1.61 
26.51 ± 2.35 
4.60 ± 0.28 
PDS 
37.34 ± 4.35 
23.20 ± 2.14 
19.02 ± 3.97 
14.61 ± 1.42 
3.97 ± 0.10 
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contributed to decrease growth of the October set. By day 
20, plants again showed the highest value in the June set 
and low October temperatures inhibited their growth. By 
day 25, the clear effect of shade in decreasing growth was 
evident from June to September. By October the effect of 
shade was much smaller with the overall reduction in 
growth caused by the lower temperature predominating. 
Since the effects of shade treatments were cumulative, 
becoming progressively greater in the later harvests, 
description now focuses on the day 25 harvest. Except for 
the October set, where all plant dry weight values were 
very low, the controls were always significantly 
greater than values for any of the shaded sets (Fig.4.1). 
In the 1991 months (August to October), values for the 
42% and PLS treatments did not differ significantly, nor 
did values for the 25% and PLS treatments in any run. For 
the June and July runs in 1992 the rapid growth and leaf 
production of the shade trees resulted in heavier shade 
than intended in the PLS treatment (See also Table 4.1); 
almost certainly the lower values of dry weight resulted 
from this (Fig.4.1). 
The relative growth rates (Table 4.12) for the five 
intervals between harvests showed, as expected, lower 
values for the shaded conditions and a decrease in values 
as the year progressed. Variation between harvests was 
considerable and in the control sets there was a decrease 















JUN 	JUL 	AUG 	SEP 	OCT 
Months 
Fig. 4.1 
Mean plant dry weight (mg) of plants harvested at day 25 
in the garden (35 days after sowing and after 10 days in 
controlled conditions) from experiments conducted in June 
and July 1992, and August, September and October 1991. 
Data came from five mean temperatures and five shade 
conditions. Each value represents the mean of four 
replicates. 
-89- 
Mean relative growth rate (Hunt, 1982) 
R1 2 = QgW- Loge W1 
- T1 
Where Loge W2 = Loge total weight per plant 
at the second harvest 
Loge W1 = Loge total weight per plant 
at the first harvest 
T2 - T1 = harvest intervals 
CEM 
Table 4.12 
Mean relative growth rates, R (day 	-) of plants 
harvested every five days in the garden (after 10 days in 
controlled conditions) from 5 experiments conducted in 
June and July 1992, and August, September and October 
1991. Data came from five mean temperatures and five 
shade conditions. Each value is the mean for four 
replicates. 
Light Treatments 
Harvests Control 42% 	25% 	PLS 	PDS 
JUNE 
hi - h2 0.21 0.29 017 0.20 0.19 
h2 - h3 0.23 0.20 0.21 0.21 0.19 
h3 - h4 0.18 0.15 0.14 0.15 0.18 
h4 - h5 0.13 0.11 0.12 0.08 0.04 
JULY 
hi - h2 0.23 0.22 0.12 0.16 0.14 
h2 h3 0.17 0.16 0.14 0.11 0.12 
h3 - h4 0.21 0.15 0.16 0.13 0.13 
h4 - h5 0.18 0.16 0.09 0.15 0.11 
AUGUST 
hi - h2 0.19 0.16 0.20 0.11 0.10 
h2 - h3 0.15 0.13 0.02 0.14 0.16 
h3 - h4 0.24 0.17 0.11 0.17 0.11 
h4 - h5 0.11 0.14 0.17 0.13 0.08 
SEPTEMBER 
hi - h2 0.10 0.16 0.13 0.12 0.09 
h2 - h3 0.19 0.12 0.09 0.13 0.14 
h3 - h4 0.13 0.07 0.10 0.16 0.10 
h4 - h5 0.14 0.16 0.03 0.06 0.07 
OCTOBER 
hi - h2 0.07 0.05 0.04 0.03 0.03 
h2 - h3 0.05 0.04 0.02 0.05 0.06 
h3 - h4 0.07 0.05 -0.01 0.07 0.01 
h4 - h5 0.06 0.06 0.08 0.09 0.06 
-91- 
4.2.2 	Accumulated leaf dry weight 
Total leaf dry weight (which included the weight of 
tiller leaves) was used as a parameter since numbers and 
weights of individual leaves were more variable than 
under laboratory conditions. Data are presented for 
harvests at 5-day intervals in Tables 4.13 to 4.17 and 
Fig. 4.2. In general, they mirror the data for total 
plant weight. Once again, the low growth in the October 
run is apparent, with the effect of shade on total leaf 
weight progressively greater and greater. By the final 
harvest on day 25 the plotted data of leaf and plant dry 
weight showed shapes similar to the dry weight curves 
except for the controls values (Compare Figs. 4.1 and 
4.2). The leaf weight ratios (Table 4.18) at the final 
harvest showed the controls to be lower than those for 
the 42 L and PLS sets which in turn were lower than those 
for the 25 L and PDS sets. In this the effects of shade 
in increasing the leaf weight ratio were similar to those 
found in the laboratory experiments (Table 3.6). Since 
there were no significant effects of run, the predominant 
factor affecting dry matter in partition to the leaves 
appears again to be light. 
The root:plant dry weight (Table 4.19) data indicate a 
decline with successive harvests, suggesting a possible 
effect of temperature. Control values are again the 




Total accumulated leaf dry weight (mg) of plants harvested at day 5 in the garden (15 days 
after sowing and after 10 days in controlled conditions) from experiments conducted in June and 
July 1992, and August, September and October 1991. Data came from five mean temperatures and 
five shade conditions. Standard errors shown are for 4 replicates. 










June 0.95 ± 0.20 
July 0.62 ± 0.06 
August 0.87 ± 0.07 
Sept 1.10 ± 0.03 
Oct 0.37 ± 0.02 
0.52 ± 0.04 
0.64 ± 0.12 
0.89 ± 0.04 
0.65 ± 0.04 
0.46 ± 0.05 
0.51 ± 0.06 
0.72 ± 0.09 
0.66 ± 0.03 
0.74 ± 0.04 
0.39 ± 0.08 
0.61 ± 0.12 
0.67 ± 0.10 
0.87 ± 0.13 
0.78 ± 0.05 
0.57 ± 0.05 
0.73 ± 0.09 
0.68 ± 0.02 
0.69 ± 0.05 
0.75 ± 0.05 
0.33 ± 0.04 
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Table 4.14 
Total accumulated leaf dry weight (lug) of plants harvested at day 10 in the garden (20 days 
after sowing and after 10 days in controlled conditions) from experiments conducted in June and 
July 1992, and August, September and October 1991. Data came from five mean temperatures and 



















2.68 ± 0.16 
2.82 ± 0.20 
2.89 ± 0.24 
1.80 ± 0.21 
0.77 ± 0.08 
2.60 ± 0.22 
2.32 ± 0.18 
2.36 ± 0.15 
1.74 ± 0.22 
0.67 ± 0.05 
1.31 ± 0.06 
1.57 ± 0.13 
1.67 ± 0.09 
1.53 ± 0.13 
0.68 ± 0.05 
2.20 ± 0.20 
1.86 ± 0.19 
1.97 ± 0.17 
1.37 ± 0.11 
0.75 ± 0.05 
2.11 ± 0.10 
1.86 ± 0.22 
1.37 ± 0.06 
1.20 ± 0.12 
0.66 ± 0.08 
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Table 4.15 
Total accumulated leaf dry weight (mg) of plants harvested at day 15 in the garden (25 days 
after sowing and after 10 days in controlled conditions) from experiments conducted in June and 
July 1992, and August, September and October 1991. Data came from five mean temperatures and 
five shade conditions. Standard errors shown are for 4 replicates. 
Light Treatments Months 
Control 
June 8.92 ± 0.35 
July 6.60 ± 0.24 
August 5.82 ± 0.74 
Sept 4.84 ± 0.04 
Oct 1.24 ± 0.05 
42%  
7.41 ± 0.25 
5.66 ± 0.41 
4.66 ± 0.30 
3.92 ± 0.17 
1.02 ± 0.03 
25%  
4.37 ± 0.26 
4.03 ± 0.59 
2.87 ± 0.11 
3.00 ± 0.18 
0.79 ± 0.08 
PLS 
6.64 ± 0.65 
3.58 ± 0.25 
4.60 ± 0.13 
4.01 ± 0.66 
1.12 ± 0.12 
6.00 ± 0.38 
3.64 ± 0.49 
3.88 ± 0.24 
2.94 ± 0.25 
1.14 ± 0.08 
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Table 4.16 
Total accumulated leaf dry weight (mg) of plants harvested at day 20 in the garden (30 days 
after sowing and after 10 days in controlled conditions) from experiments conducted in June and 
July 1992, and August, September and October 1991. Data came from five mean temperatures and 
five shade conditions. Standard errors shown are for 4 replicates. 
Months Light Treatments 
Control 42% 25% PLS PDS 
June 19.6 ± 1.47 13.9 ± 0.77 8.91 ± 0.37 12.7 ± 1.15 13.8 ± 0.86 
July 17.1 ± 1.49 10.4 ± 0.86 8.70 ± 0.56 7.08 ± 1.08 8.07 ± 0.87 
August 17.9 ± 1.26 11.5 ± 0.59 6.03 ± 0.32 11.3 ± 0.16 7.68 ± 0.64 
Sept 8.74 ± 0.83 5.46 ± 0.65 7.62 ± 0.33 7.87 ± 1.13 8.39 ± 0.18 
Oct 1.91 ± 0.18 1.69 ± 0.25 0.82 ± 0.10 1.70 ± 0.47 1.40 ± 0.22 
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Table 4.17 
Total accumulated leaf dry weight (lug) of plants harvested at day 25 in the garden (35 days 
after sowing and after 10 days in controlled conditions from experiments conducted in June and 
July 1992, and August, September and October 1991. Data came from five mean temperatures and 
five shade conditions. Standard errors shown are for 4 replicates. 
Months Light Treatments 
Control 42% 25% PLS PDS 
June 31.6 ± 2.96 23.3 ± 1.31 14.9 ± 1.23 19.4 ± 2.05 18.9 ± 1.02 
July 36.4 ± 1.82 23.3 ± 2.49 12.9 ± 0.46 14.2 ± 1.13 12.6 ± 0.81 
August 27.0 ± 2.55 19.1 ± 1.63 12.8 ± 0.55 19.2 ± 0.46 9.48 ± 1.83 
Sept 19.7 ± 2.33 11.7 ± 0.73 6.30 ± 0.70 9.62 ± 0.86 8.05 ± 0.84 




















JUN 	JUL 	AUG 	SEP 	OCT 
Months 
Pig. 4.2 
Mean leaf dry weight (mg) of plants harvested at day 25 
in the garden (35 days after sowing and after 10 days in 
controlled conditions) from experiments conducted in June 
and July 1992, and August, September and October 1991. 
Data came from the summation of all leaves (stem plus 
tiller leaves) from five mean temperatures and five shade 
conditions. Each value represents the mean of 4 
replicates. 
Table 4. 18 
Leaf weight ratios [Leaf dry weight (mg)/Plant dry weight (mg)] of plants harvested at day 25 
in the garden (35 days old, including 10 in controlled conditions) from experiments conducted 
in June and July 1992, and August, September and October 1991. Data came from five mean 
temperatures and five shade conditions. Standard errors shown are for 4 replicates. 
Months 
	 Light Treatments 
Control 
	





June 0.31 ± 0.03 
July 0.37 ± 0.01 
August 0.34 ± 0.02 
Sept 0.42 ± 0.02 
Oct 0.44 ± 0.01 
0.39 ± 0.01 
0.43 ± 0.01 
0.41 ± 0.02 
0.46 ± 0.02 
0.47 ± 0.01 
0.44 ± 0.02 
0.50 ± 0.02 
0.54 ± 0.01 
0.57 ± 0.02 
0.45 ± 0.02 
0.44 ± 0.01 
0.49 ± 0.02 
0.45 ± 0.01 
0.37 ± 0.06 
0.43 ± 0.02 
0.53 ± 0.08 
0.55 ± 0.03 
0.51 ± 0.05 
0.55 ± 0.01 
0.52 ± 0.06 
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Table 4.19 
Root: plant dryweight ratios [Mean Root dry weight (mg)/Mean Plant dry weight (mg)] of plants 
harvested at day 25 in the garden (35 days old, including 10 in controlled conditions) from 
experiments conducted in June and July 1992, and August, September and October 1991. Data came 
from five mean temperatures and five shade conditions. Standard errors shown are for 4 
replicates. 
Light Treatments Months 
Control 
June 0.39 ± 0.03 
July 0.30 ± 0.01 
August 0.31 ± 0.02 
Sept 0.34 ± 0.02 
Oct 0.22 ± 0.01 
42%  
0.29 ± 0.01 
0.21 ± 0.01 
0.22 ± 0.01 
0.22 ± 0.01 
0.18 ± 0.01 
25%  
0.28 ± 0.03 
0.15 ± 0.01 
0.18 ± 0.01 
0.17 ± 0.02 
0.15 ± 0.01 
PLS  
0.24 ± 0.02 
0.17 ± 0.01 
0.20 ± 0.01 
0.21 ± 0.04 
0.17 ± 0.02 
PDS 
0.26 ± 0.03 
0.12 ± 0.02 
0.18 ± 0.01 
0.18 ± 0.01 
0.13 ± 0.01 
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4.2.3 	Numbers of leaves and tillers 
The differences in leaf weight between controls and 
shaded sets (Fig. 4.2) may reflect tillering and the very 
different number of leaves produced between the 
treatments. 
The work system permitted no detailed evaluation of rates 
of leaf and tiller appearance throughout the runs. For 
clarification the data now presented are for the total 
numbers of leaves and tillers at harvest on day 25 of 
each run. 
The greatest total number of leaves per plant were found 
in the Control set for the June run i.e. in the brightest 
and warmest conditions (Table 4.20). From June to October 
the number of leaves decreased progressively as 
temperature decreased (Table 4.4). Shade effects greatly 
reduced leaf number, the effect being greater in deep 
shade. Leaf production was lowest in the October run when 
temperatures were lowest and photoperiod shortest. 
The total number of tillers in the control set, (Table 
4.21) was about the same between June and July but 
decreased in later runs. 
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Table 4.20 
Total number of leaves (pseudostem plus tiller leaves) at 
day 25 in the garden (35 days after sowing and after 10 
days in controlled conditions) from experiments conducted 
in June and July 1992, and August, September and October 
1991. Data came from five mean temperatures and five 
shade conditions. 
Months Light Treatments 
Control 42% 25% PLS PDS 
June 117 85 59 73 69 
July 108 75 57 60 45 
August 94 70 51 75 50 
September 79 46 35 46 44 
October 34 24 24 27 27 
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Table 4.21 
Total number of tillers from experiments conducted in the 
field at day 25. Experiments were conducted in June, 
July 1992, and August and September 1991. Data came from 
five light conditions and five temperatures. 
Months Light Treatments 
Control 42% 25% PLS PDS 
June 36 29 20 23 22 
July 35 25 12 19 6 
August 22 9 3 11 4 
September 16 4 - - - 
* 	There were no tillers in the October experiment. 
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Shade reduced tiller numbers, as in the laboratory 
experiments (Table 3.10), and at least part of the 
difference in leaf numbers between treatments must be 
related to differences in tillering. 
4.2.4 	Leaf length 
As in the laboratory runs, shade increased leaf length. 
For brevity only data for the second and third leaves at 
the final harvest are presented here (Tables 4.22 to 
4.23) 
The effects of 42 L and PLS were similar, perhaps 
reflecting the similar extent of shading. The effects of 
25 L and PDS were to promote extension of the second 
leaf, but for the late runs this was less marked for the 
third leaf, perhaps because this leaf had not yet 




Mean leaf length (mm) of the second leaves at day 25 in the garden (35 days after sowing and 
after 10 days in controlled conditions) from experiments conducted in June and July 1992, and 
August, September and October 1991. Data came from five mean temperatures and five shade 
conditions. Standard errors shown are for 4 replicates. 













50.13 ± 0.61 
60.05 ± 1.23 
61.25 ± 2.54 
62.17 ± 2.38 
46.95* ± 2.49 
81.48 ± 3.93 
95.68 ± 2.20 
95.08 ± 5.14 
95.75 ± 1.53 
56.05 ± 2.31 
117.40 ± 6.14 
125.63 ± 6.96 
113.75 ± 8.82 
113.25 ± 6.46 
44.65 ± 2.46 
79.33 ± 6.00 
101.40 ± 6.90 
92.75 ± 2.48 
91.92 ± 2.43 
49.40 ± 5.36 
95.95 ± 5.08 
112.13 ± 4.73 
97.33 ± 8.26 
114.25 ± 2.33 
52.55 ± 4.88 
* October showed fully expanded second leaves only in the Control set. 
-105- 
Table 4.23 
Mean leaf length (mm) of the third leaves at day 25 in the garden (35 days after sowing and 
after 10 days in controlled conditions) from experiments conducted in June and July 1992, and 
August, September and October 1991. Data came from five mean temperatures and five shade 
conditions. Standard errors shown are for 4 replicates. 
Months 
	 Light Treatments 
Control 
	







61.95 ± 1.32 
74.05 ± 2.65 
78.75 ± 1.37 
74.17*± 4.01 
104.21 ± 3.90 
128.38 ± 8.73 
147.42 ± 8.3 
127.25 ± 4.97 
159.12 ± 8.12 
174.80 ± 7.55 
172.92 ± 6.23 
119.08 ± 5.51 
101.90 ± 8.25 
139.55 ± 5.33 
127.67 ± 7.63 
112.50 ± 1.67 
128.30 ± 8.00 
162.25 ± 7.93 
129.30 ± 10.95 
133.92 ± 9.35 
* September showed fully expanded third leaves only in the control set. 
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4.2.5 	Cell number and cell size 
Because of the workload in the field runs it was only 
possible to determine final cell number and cell size for 
the second and third leaves (Table 4.24) of the June 1992 
run. 
Cell number was variable, with no clear tendency for any 
effect of shade on the final number, although if anything 
shade was associated with an increase in number for the 
second leaf, and for the third leaf under artificial 
shade. This contrasts with findings in the laboratory 
(Table 3.13), where control leaves had more cells than 
those in shade. The reason for this difference is unclear 
and could be related to light quality. Leaf cell size 
estimated as mean cell fresh weight was also variable 
with a tendency for shade to give larger cells. This 
again contrasts with laboratory results (Table 3.13) 
where, if anything, shade treatment led to smaller cells. 
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Table 4.24 
Mean cell number (x10 6 ) per leaf and cell fresh weight (fig) when Leaves 2 and 3 reached full 
expansion. Data came from the experiment conducted in June 1992 under full light (Control), and 




Leaves Control 42% 25% PLS PDS 
2 0.40 ± 0.03 0.80 ± 0.08 0.61 ± 0.04 0.63 ± 0.06 0.50 ± 0.02 
3 1.30 ± 0.20 1.50 ± 0.14 1.77 ± 0.06 1.27 ± 0.11 1.00 ± 0.06 
Cell Fresh 	Weight 
2 25.40 ± 1.38 25.60 ± 0.53 35.90 ± 0.82 32.00 ± 1.56 31.80 ± 2.67 
3 24.90 ± 4.06 32.40 ± 2.90 34.70 ± 2.11 35.80 ± 3.41 30.00 ± 0.28 
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CHAPTER 5 	PLANT GROWTH MODELS 
This chapter considers, develops and evaluates plant 
growth models based on studies with L.perenne conducted 
in laboratory and garden. 
The relative growth rate is a well-known relationship for 
plant growth analysis (Briggs et al, 1920; Hunt, 1982). 
The relationship is conventionally given the symbol R and 
the expression for its value is 
R = 	L x E 
where 
R = j . jj ) W = Total weight per plant 
W dT)T=Time 
L = Leaf ratio (e.g. leaf weight ratio (s) or 
leaf area ratio(F) 
E = net assimilation rate 
E = 1 . dW )LA = leaf area 
LA dT ) W = total weight per plant 
T 	time 
shows that plant growth rate is given by the product of 
size and activity of the photosynthesising system i.e. 
the leaves. In attempting to set up models to predict 
plant size it therefore seemed appropriate to use leaf 
size as a possible predictor. 
Leaf size can be measured as area, or, as in the present 
case, since area could not be determined, by length; 
alternatively leaf size can be measured in terms of leaf 
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dry weight. The simplest models are therefore of the 
form 
W a L 
where W is plant dry weight and L is either leaf length 
or leaf weight, in both cases given as a total value for 
the plant, i.e. L = named for L 1 + L 2 + L 3 etc. 
Models were developed to assess the usefulness of these 
measures of leaf growth as predictors of growth of the 
plant as a whole, estimated as plant dry weight, under 
different conditions of temperature and shade. The three 
main objectives were to determine the usefulness of the 
laboratory models for application to other laboratory 
data and to field data, and to develop models from the 
field data which might be used to predict growth under 
similar conditions. 
5.1 	Models developed from accumulated leaf length and 
leaf weight data from laboratory studies 
(Chapter 3) 
The initial step was to plot plant dry weight against the 
accumulated measures of leaf size. 
The accumulated leaf length data (Fig.5.1) came from 
pooled data from harvest 3 in both the semi-chronological 
and developmental sets. The leaf dry weight values 
(Fig.5.2) have been separated by harvest, with a further 
graph amalgamating all the data (Fig. 5.3A). In all 
cases data have been used from the runs at all light 
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(Fig. 5.2) have been separated by harvest, with a further 
graph amalgamating all the data (Fig. 5.3A). In all 
cases data have been used from the runs at all light 
levels at 10/10, 15/15 and 20/20°C; any models derived 
from these data could then be tested against the data 
from the other runs. 
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Fig. 5.1 
Leaves Harvest* Plant dry Accumulated Codes Temperatures 
weight (mg and leaf length °C 
y-axis) (mm and x-axis) 
1 5.30 83.3 Cl** 10/10 
2 4.70 91.5 C2** 15/15 
3 5.90 129.5 C3 20/20 
4 3.20 62.9 AS1** 10/10 
5 2.90 82.4 AS2** 15/15 
6 3.50 104.5 AS3** 20/20 
7 2.80 56.0 BS1** 10/10 
8 2.40 88.2 BS2** 15/15 
9 2.70 105.6 BS3** 20/20 
10 3.90 71.9 AD1** 10/10 
11 3.70 94.1 AD2** 15/15 
12 4.10 130.6 AD3 20/20 
13 3.10 68.5 BD1** 10/10 
14 3.30 102.6 BD2** 15/15 
15 3.40 159.8 BD3 20/20 
16 15.20 172.0 C4 10/10 
17 13.80 179.5 C5 15/15 
18 16.60 244.1 C6 20/20 
19 7.00 104.0 AS4 10/10 
20 7.70 156.3 ASS 15/15 
21 9.40 244.6 AS6 20/20 
22 4.80 94.0 BS4** 10/10 
23 3.90 126.2 BS5** 15/15 
24 5.10 205.0 BS6 20/20 
25 2.52 153.0 AD4 10/10 
26 11.50 196.4 ADS 15/15 
27 14.10 309.2 AD6 20/20 
28 10.10 182.1 BD4** 10/10 
29 10.50 233.8 BD5 15/15 
30 12.00 351.3 BD6 20/20 
31 45.80 271.6 C7 10/10 
32 38.00 299.7 C8 15/15 
33 64.00 432.6 C9 20/20 
34 19.90 213.6 AS7 10/10 
35 20.40 266.6 AS8 15/15 
36 27.30 469.8 AS9 20/20 
37 10.80 194.2 BS7 10/10 
38 10.00 243.0 BS8** 15/15 
39 13.90 399.6 BS9 20/20 
40 34.80 288.9 AD7 10/10 
41 33.40 361.7 AD8 15/15 
42 35.40 474.6 AD9 20/20 
43 21.90 290.4 BD7 10/10 
44 24.00 366.9 BD8 15/15 
45 25.10 555.8 BD9 20/20 
*Leaves  harvests: Leaf 1 (rows I to 15), Leaf 2 (rows 16 to 30) and Leaf 3 (rows 31 to 45). 
** Data on Figure 5.1 without codes. 
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Fig. 5.2 - The relationships between Plant dry 
weight (y) and leaf dry weight (x) at 10/10°C, 
15/15°C and 20/20°C in three light conditions: 
Leaf dry weight (x) means the accumulated leaf 
dry weights at the first semi-chronological and 
developmental harvests. The regression is y = 
0.691 + 1.95x. 
R2 = 0.93. The statistical analysis is in the 
Appendix number 8. 
Leaf dry weight (x) means the accumulated leaf 
dry weight at the second semi-chronological and 
developmental harvests. The regression is y = 
0.373 + 2.10x. 
R2 = 0.97. The statistical analysis is in the 
Appendix number 9. 
Leaf dry weight (x) means the accumulated leaf 
dry weight at the third semi-chronological and 
developmental harvests. The regression is y = 
-6.511 + 2.88x. 
= 0.94. The statistical analysis is in the 
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Fig. 5.1 
The relationship between plant dry weight (y) and accumulated length of 
leaves 1, 2 and 3 (x) at 10/10, 15/15 and 20/20 °C: in three light conditions 
(controlC, A=50L and B=25L) under Semi-Chronological (S) and 
Developmental (D) harvests. The regression is y-2.79+0.0798x. 






































Leaf accumulated ulated dry weight (mg) 
The relationship between accumulated leaf length and 
plant dry weight is not a close one (R 2 = 0.56) and it 
was noticeable that variation becomes greater as the 
plants get larger. 
The predictive value of the derived equation appeared to 
be small and no further use was made of this 
relationship. 
The leaf dry weight values (Fig.5.2 a-c) showed a linear 
relationship with plant dry weight at all harvests (R 2 = 
0.93). By the time of the final harvests some plants had 
produced tillers. Combining all pseudostem leaves, and 
all pseudostem leaves plus all tiller leaves (Fig.5.3 A) 
the linear relationships remained high i.e. R 2 = 96.8 % 
and R2 = 97.5 % successively. Fits to the second order 
polynomial were made (Fig.5.3B) and both quadratic 
polynomial equations gave good fits to the data (R2 = 
98.5% and R2 = 96.8% respectively). 
Nevertheless, inspection of the three initial linear 
equations suggests that these may be the beginnings of a 
genuine departure from linearity and tend to be confirmed 
by the progressive increase in slope of the equations for 
successive harvests (Fig.5.2 a-c). 
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Fig. 5.3 - The linear and quadratic relationships 
between Plant dry weights and leaf dry weights from 
harvests 1, 2 and 3 at 10/10°C, 15/15°C and 20/20°C 
in three light regimes. 
A. 	The linear relationships are: 
y = -1.06 + 2.48x (leaf dry weight) (0), 
where leaf dry weight (0) means the 
accumulated pseudostem leaf dry weights, 
R2 = 96.8%. The statistical analysis is in 
the Appendix Number 11. 
y = -0.774 + 2.40x (leaf dry weight) (+), 
where leaf dry weight means the 
accumulated all leaf dry weights, R2 = 
97.5%. 	The statistical analysis is in 
the Appendix Number 12. 
B. 	The quadratic relationships are: 
y = 1.62 + 1.43x + 0.0575x 2 	(leaf dry 
weight) (0), where leaf dry weight means 
the accumilated pseudostem leaf dry 
weights, R = 98.5%. 	The statistical 
analysis is in the Appendix Number 13. 
y = 1.17 + 1.67x + 0.0379x 2  (leaf dry 
weight) (+), where leaf dry weight mens 
the accumulated all leaf dry weights, R = 
98.6%. The statistical analysis is in the 
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The linear equations taken at face value, suggest that 
the temperature and shade treatments examined here do 
not affect the relationship between leaf weight and plant 
weight (but note the effects of shade on leaf weight 
ratios in Chapters 3 and 4). It follows that leaf weight 
could be a good predictor of plant dry weight. 
5.2 Laboratory models tested in other laboratory data 
In this section linear and quadratic polynomial equations 
from laboratory data obtained for the 10/10°C, 15/15°C 
and 20/20°C temperature regimes three light conditions 
have been used to test the predictive value for plant dry 
weight for data from the 15/10°C, 20/10°C and 20/15°C 
from second and third harvests. 
In summary the equations used below are: 
y (Plant dry weight) = 0.373 + 2.10x (Pseudostem dry 
leaves). 
y (Plant dry weight) = -1.06 + 2.48x (Pseudostem dry 
leaves). 
y (Plant dry weight) = -0.774 + 2.40x (All dry 
leaves). 
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y (Plant dry weight) = 1.62 + 1.43x + 0.0575x 2 
(Pseudostem dry leaves). 
1 (Plant dry weight) = 1.17 + 1.67x + 0.0379x 2 (All 
dry leaves). 
Plant dry weights calculated from leaf dry weights 
measured at the second harvest (Table 5.1) were close to 
the expected values, indicating that the calculated 
relationship has a good predictive value. Closer 
examination shows a slight overestimate of values in the 
control and a small underestimate for the 25 L set at 
2O/15C. 
Plant dry weight values predicted from the third harvest 
(Table 5.2 A, B & C), calculated by the linear equations 
2 and 3, were relatively close to the observed values. 
Detailed examination shows a small underestimate of 
values in the control sets and a consistent overestimate 
for the 25 L sets. 
The predicted values of plant dry weight from the third 
harvest (Table 5.3 A - B), calculated by the quadratic 
polynomial equation 4, were relatively close to the 
observed values, indicating that the calculated 
relationship have a good predictive value. There was a 
tendency for the predicted values to overestimate, except 
in the control at 15/10C. Plant dry weight values 
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calculated by the quadratic polynomial equation 5 (Table 
5.3 - C) were close to observed values, indicating that 
the relationship has a good predictive value. Here 
control sets were generally very close to the observed 
values, but shade treatments showed a slight decrease as 
light intensity decreased. There was a tendency on the 
third harvest for predicted values by quadratic 
polynomial equations to be slightly closer to the 
observed values than those predicted by linear equations. 
The consistent findings for all these models are that 
plant dry weight is overestimated in the 25 L treatment 
with a tendency for underestimating the control values. 
This presumably reflects the differences in leaf weight 
ratios shown earlier in Tables 3.6 and 4.18. 
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Table 5. 3. 
Predicted and observed values of plant dry weights at the second harvest. The predicted plant 
dry weight was based on the correlation y (Plant dry weight) = 0.373 + 2.10x (leaf dry 
weight), where leaf dry weight means the sum of all dry pseudostem leaves at second harvest. 
Data came from 3 temperatures and 3 light regimes. 
H 
r'.) 
Total Plant % 
Dry Weight (mg) 
Total Leaf 
Dry Weight(mg) Predicted 	Observed Observed-Predicted Observed/Predicted 
15/10°C 
Control 7.95 17.06 	17.00 -0.06 99.64 
50% 6.35 13.70 	13.60 -0.10 99.27 
25% 3.63 7.99 	7.65 -0.34 95.74 
20/10°C 
Control 	7.78 	 16.71 	16.37 	 -0.34 	 97.96 
50% 	 6.12 	 13.22 	12.82 	 -0.40 	 96.97 
25% 	 4.68 	 10.20 	10.20 	 0 	 100.00 
20/15°C 
Control 	8.14 	 17.46 	18.60 	 1.14 	 106.52 
50% 	 6.97 	 15.01 	14.92 	 -0.09 	 99.40 
25% 	 4.93 	 10.72 	9.75 	 -0.97 	 90.95 
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Table 5.2 
Predicted and observed values of plant dry weight at the third harvest. The predicted plant 
dry weight was based on the correlation y (Plant dry weight) = -1.06 + 2.48x (leaf dry 
weight), where leaf dry weight in A means the sum of all dry pseudostem leaves and in B the 
sum of all leaves (pseudostein plus tiller leaves). In C the predicted plant dry weight was 
based on the correlation y (Plant dry weight) = -0.774 + 2.40x (leaf dry weight) where leaf 
dry weight means the sum of all dry leaves (pseudostem plus tiller leaves). 
H 
y (Plant dry weight) = 1.06 + 2.48x (leaf dry weight) 
(A) = All dry pseudostein leaves 
Total Plant 
Total Leaf 	Dry Weight(mg) 	 % 
Dry Weight(mg) Predicted 	Observed 	Observed-Predicted Observed-Predicted 
15/10°C 
Control 	18.00 	 43.58 	50.60 	 7.02 	 116.11 
50% 	 14.87 	 35.81 	33.60 	 -2.21 	 93.83 
25% 	 9.78 	 23.19 	20.12 	 -3.07 	 86.76 
20/10°C 
Control 	24.77 	 60.36 	71.37 	 11.01 	 118.24 
50% 	 17.69 	 42.81 	42.70 	 -0.11 	 99.74 
25% 	 14.97 	 36.06 	31.30 	 -4.76 	 86.79 
20/15°C 
Control 	19.00 	 46.06 	47.90 	 1.84 	 103.99 
50% 	 12.81 	 30.70 	28.92 	 -1.78 	 94.20 
25% 	 11.28 	 26.91 	21.25 	 -5.66 	 78.96 
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Table 5.2 (continued) 
3rd Harvest 
y (Plant dry weight) = 1.06 + 2.48x (leaf dry weight) 
(B) All dry leaves (pseudosteni plus tiller leaves) 
Total Plant 
Total Leaf 	Dry Weight(mg) 	 % 
Dry Weight(mg) Predicted 	Observed 	Observed-Predicted 	Observed-Predicted 
15/10°C 
Control 	18.80 	 45.56 	50.60 	 5.04 	 111.06 
50% 	 14.91 	 35.91 	33.60 	 -2.31 	 93.56 
25% 	 9.88 	 23.44 	20.12 	 -3.32 	 85.83 
20/10°C 
Control 	26.24 	 64.01 	71.37 	 7.36 	 111.50 
50% 	 17.97 	 43.50 	42.70 	 -0.80 	 98.16 
25% 	 15.04 	 36.24 	31.30 	 -4.94 	 86.37 
20/15°C 
Control 	19.31 	 46.82 	47.90 	 1.08 	 102.30 
50% 	 12.91 	 30.95 	28.92 	 -2.03 	 93.44 
25% 	 11.28 	 26.91 	21.25 	 -5.66 	 78.96 
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Table 5.2 (continued) 
3rd Harvest 	 y (Plant dry weight) = -0.774 + 2.40x (leaf dry weight) 
(C) All dry leaves (pseudostein plus tiller leaves) 
Total Plant 
Total Leaf 	Dry Weight(mg) 
Dry Weight(mg) Predicted 	Observed 	Observed-Predicted Observed/Predicted 
15/10°C 
Control 	18.80 	 44.34 	50.60 	 6.26 	 114.11 
50% 	 14.91 	 35.01 	33.60 	 -1.41 	 95.97 
25% 	 9.88 	 22.93 	20.12 	 -2.81 	 87.74 
20/10°C 
Control 	26.24 	 62.20 	71.37 	 9.17 	 114.74 
50% 	 17.97 	 42.35 	42.70 	 0.35 	 100.82 
25% 	 15.04 	 35.32 	31.30 	 -4.02 	 88.62 
20/15°C 
Control 	19.31 	 45.57 	47.90 	 2.33 	 105.11 
50% 	 12.91 	 30.21 	28.92 	 -1.29 	 95.73 
25% 	 11.28 	 26.29 	21.25 	 -5.04 	 80.83 
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Table 5.3 
Predicted and observed values of plant dry weight at the third harvest. The predicted plant 
dry weight was based on the correlation y (Plant dry weight) = 1.62 + 1.43x + 0.0575x 2 (leaf 
dry weight), where leaf dry weight in A means the sum of all dry pseudostem leaves and in 
the sum of all dry leaves (pseudostem plus tiller leaves). In C the predicted plant dry weight 
was based on the correlation y (Plant dry weight) = 1.17 + 1.67x + 0.0379x 2 (leaf dry weight) 




3rd Harvest 	 y = 1.62 + 1.43x + 0.0575x2 
(A) All dry pseudostem leaves 
Total Plant 
Total Leaf 	Dry Weight(mg) 	 % 
Dry Weight(mg) Predicted 	Observed 	Observed-Predicted Observed/Predicted 
15/10°C 
Control 	18.00 	 45.99 	50.60 	 4.61 	 110.02 
50% 	 14.87 	 35.59 	33.60 	 -1.99 	 94.41 
25% 	 9.78 	 21.10 	20.12 	 -0.98 	 95.35 
20/10°C 
Control 24.77 72.32 71.37 0.95 98.68 
50% 17.69 44.91 42.70 -2.21 95.08 
25% 14.97 35.91 31.30 -4.61 87.16 
20/15°C 
Control 19.00 49.54 47.90 -1.64 96.69 
50% 12.81 29.37 28.92 -0.45 98.46 
25% 11.28 25.06 21.25 -3.81 84.80 
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Table 5.3 (continued) 
3rd Harvest 
	 y = 1.62 + 1.43x + 0.00575x2 
(B) All dry leaves (pseudostem plus tiller leaves) 
Total Plant 
Total Leaf 	Dry Weight(mg) 	 % 
Dry Weight(mg) Predicted 	Observed 	Observed-Predicted Observed/Predicted 
15/10°C 
Control 	18.80 	 44.82 	50.60 	 1.78 	 103.64 
50% 	 14.91 	 35.72 	33.60 	 -2.12 	 94.06 
25% 	 9.88 	 21.36 	20.12 	 -1.24 	 94.19 
20/10°C 
Control 26.24 78.73 71.37 -7.36 90.65 
50% 17.97 45.88 42.70 -3.18 93.07 
25% 15.04 36.13 31.30 -4.83 86.63 
20/15°C 
Control 19.31 50.67 47.90 -2.77 94.53 
50% 12.91 29.66 28.92 -0.74 97.50 
25% 11.28 27.39 21.25 -6.14 77.58 
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Table 5.3 (continued) 
3rd Harvest 	 y = 1.17 + 1.67x + 0.0379x2 
(C) All dry leaves (pseudostem plus tiller leaves) 
Total Plant 
Total Leaf 	Dry Weight(mg) 
Dry Weight(mg) Predicted 	Observed 	Observed-Predicted Observed/Predicted 
15/10°C 
Control 	18.80 	 45.96 	50.60 	 4.64 	 110.09 
50% 	 14.91 	 34.49 	33.60 	 -0.89 	 97.42 
25% 	 9.88 	 21.37 	20.12 	 -1.25 	 94.15 
20/10°C 
Control 26.24 71.08 71.37 0.29 100.40 
50% 17.97 43.41 42.70 -0.71 98.36 
25% 15.04 34.85 31.30 -3.55 89.81 
20/15°C 
Control 19.31 47.55 47.90 0.35 100.73 
50% 12.91 29.04 28.92 -0.12 99.58 
25% 11.28 24.83 21.25 -3.58 85.58 
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5.3 Laboratory models tested in field data 
In this section the linear and quadratic polynomial 
equations from laboratory data obtained for the 10/10°C, 
15/15°C and 20/20°C temperature regimes under three light 
conditions have been used to predict plant dry weight in the 
field. 
In summary the equations used below are: 
y (Plant dry weight) = -1.06 + 2.48x (Pseudostem dry 
leaves) 
y (Plant dry weight) = -0.774 + 2.40x (All dry leaves) 
y (Plant dry weight) = 1.62 + 1.43x + 0.0575x2 (x = 
Pseudostem dry leaves) 
y (Plant dry weight) = 1.17 + 1.67x + 0.0379x 2 (x = All 
dry leaves) 
Total accumulated leaf dry weights from the day 15 and 25 
harvests of the monthly runs (Tables 4.15 and 4.17) were 
substituted into the equations above. The observed and 
predicted plant dry weights are shown in Tables 5.4 to 5.7. 
Leaf dry weight data from the third harvest, day 15, 
substituted into the linear equations, gave predicted plant 
dry weight values for the control set similar to observed 
values (Table 5.4); there was little difference 
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Table 5.4 
Observed plant dry weight (a) and expected plant dry weights (b) and (C), based 
respectively on the model y (Plant dry weight) = -1.06 + 2.48x (leaf dry weight) where leaf 
dry weight is the weight of pseudostem leaves, and the model y (Plant dry weight) = -0.774 
+ 2.40x (leaf dry weight) where leaf dry weight is the weight of all leaves. The equations 
are based on laboratory data only. Data are for plants harvested after 15 days in the field 
(following 10 days initial growth in standard conditions). The experiments were conducted 
in June and July 1992, and August, September and October 1991. Each value is the mean for 
four replicates. 
CTL 42% 25% PLS PDS 
June a 21.50 15.91 8.94 13.58 12.06 
b 21.06 17.31 9.77 15.40 13.82 
C 20.63 17.01 9.71 15.16 13.62 
July a 14.42 11.13 7.44 7.34 6.72 
b 15.30 12.97 8.93 7.81 7.96 
C 15.06 12.81 8.89 7.81 7.96 
August a 13.83 9.73 5.70 9.18 7.55 
b 13.37 10.49 6.05 10.34 8.56 
c 13.19 10.41 6.11 10.26 8.53 
September a 11.38 7.73 5.66 6.62 6.15 
b 10.94 8.66 6.38 8.88 6.23 
C 10.84 8.63 6.42 8.85 6.28 
October a 3.00 2.67 2.08 2.73 2.80 
b 2.01 1.46 0.89 1.71 1.76 
C 2.20 1.67 1.12 1.91 1.96 
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between predicted values using the two equations. 	The 
maximum difference between observed and predicted values was 
lower than 10% except for the October data. The predicted 
values were generally larger than the observed ones in all 
cases except for October. When the leaf weight data were 
substituted in the quadratic equations (Table 5.5) expected 
values for the control sets were around 10% lower than 
observed values for all but not for the October sets. For 
the various shade treatments predicted values were usually 
larger than the observed, again by up to 10%. It may be 
concluded that all equations fitted to the day 15 data 
showed good fits. However, for day 25 the relationships were 
less good (Tables 5.6 and 5.7) especially for the control 
treatment in June and July which showed very poor fits. This 
coincided with the times when the controls showed 
substantially more tiller leaves than the other treatments 
(Table 5.8). In the control sets plant weights were about 
100mg in both June and July and it is possible that all the 
four models used fit well for plants less than 100 mg in dry 
weight but not when plants show heavy tillering and gain dry 
weight rapidly. Another fact that may have influenced the 
June and July curve fits for the Poplar shade series was the 
irradiance received (Table 4.1); the PLS treatments in June 
and July had lower leaf dry weights than the August set, 
probably because the architecture of the shading Poplar 




Observed plant dry weight (a) and expected plant dry weights (b) and (C), based 
respectively on the model y (Plant dry weight) = -1.62 + 1.43x + 0.0575x 2 (leaf dry weight) 
where leaf dry weight (x) is the weight of pseudostem leaves, and the model y (Plant dry 
weight) = 1.17 + 1.67x + 0.0379x 2 (leaf dry weight) where leaf dry weight (x) is the weight 
of all leaves. The equations are based on laboratory data only. Data are for plants 
harvested after 15 days in the field (following 10 days initial growth in standard 
conditions). The experiments were conducted in June and July 1992, and August, September 
and October 1991. Each value is the mean for four replicates. 
CTL 42% 25% PLS PDS 
June a 21.50 15.91 8.94 13.58 12.06 
b 18.95 15.37 8.96 13.65 12.27 
c 19.08 15.62 9.19 13.93 12.55 
July a 14.42 11.13 7.44 7.34 6.72 
b 13.56 11.55 8.31 7.47 7.58 
c 13.84 11.83 8.51 7.63 7.75 
August a 13.83 9.73 5.70 9.18 7.55 
b 11.89 9.53 6.19 9.41 8.03 
c 12.17 9.77 6.27 9.65 8.22 
September a 11.38 7.73 5.66 6.62 6.15 
b 9.88 8.10 6.42 8.27 6.32 
c 10.14 8.30 6.52 8.47 6.40 
October a 3.00 2.67 2.08 2.73 2.80 
b 3.48 3.13 2.78 3.29 3.32 
c 3.30 2.91 2.51 3.08 3.12 
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Table 5.6 
Observed plant dry weight (a) and expected plant dry weights (b) and (C), based 
respectively on the model y (Plant dry weight) = -1.06 + 2.48x (leaf dry weight) where leaf 
dry weight is the weight of pseudostem leaves, and the model y (Plant dry weight) = 0.774 + 
2.40x (leaf dry weight) where leaf dry weight is the weight of all leaves. The equations 
are based on laboratory data only. Data are for plants harvested after 25 days in the field 
(following 10 days initial growth in standard conditions). The experiments were conducted 





June 	a 	102.20 
b 	77.35 
C 	75.11 







C 	64.02  
September a 47.10 
b 47.94 
C 46.65 




































































Observed plant dry weight (a) and expected plant dry weights (b) and (C), based 
respectively on the model y (Plant dry weight) = 1.62 + 1.43x + 0.0575x 2 (leaf dry weight) 
where leaf dry weight (x) is the weight of pseudostem leaves, and the model y (Plant dry 
weight) = 1.17 + 1.67x + 0.0379x 2 (leaf dry weight) where leaf dry weight (x) is the weight 
of all leaves. The equations are based on laboratory data only. Data are for plants 
harvested after 25 days in the field (following 10 days initial growth in standard 
conditions). The experiments were conducted in June and July 1992, and August, September 
and October 1991. Each value is the mean for four replicates. 
CTL 
June a 102.20 
b 104.32 
c 91.87 
July a 99.68 
b 130.14 
c 112.39 
August a 79.12 
b 82.14 
c 73.89 
September a 47.10 
b 52.33 
C 48.97 





































































Number of tiller leaves at day 25 in the garden (35 days old including 10 days in 
controlled conditions). Each value represents the number of tiller leaves in each 12 

































Chi-squares (x2 ) between observed and predicted (expected) values obtained with equations 1 
- 4, using plant dry weight and leaf dry weight from harvests on days 15 and 25 in the 
garden, from experiments conducted in June and July 1992; and August, September and October 
1991. The values of chi-squares are based on 5 monthly runs each with 5 treatments; df = 
24. 
Chi-squares based on the equations 
Equations 





Linear 	 Linear 	 Quadratic 	 Quadratic 
PS Leaves * 	All Leaves Ps. Leaves* All Leaves 
15 6.835 
p > 0.995 
4.76 
P > 0.999 
2.08 
P > 0.999 
1.96 











P > 0.90 
	
p > 0.90 	 p > 0.90 	 p > 0.975 
* Ps. Leaves means Pseudostem Leaves 
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The data have been tested under the chi-square test (Tables 
5.9). This confirms that the fit was slightly less good in 
all cases for the day 25 data and that the quadratic models 
give a closer fit than the linear one. There is no obvious 
reason for the observed discrepancies, although certainly 
the quadratic model would seem to be the most appropriate, 
accounting as it does for the presence of tiller leaves, but 
even so fit is not always close. Clearly it would be 
desirable in any future work to extend the study to use 
older and larger plants, both for predictive purposes and 
for comparison. 
5.4 The use of models based on field data 
The field runs themselves yielded data for larger plants and 
it was therefore appropriate to use such data to establish 
other models. 
Linear and quadratic equations were prepared based on 
control values and showed good fits (Fig. 5.4) with R2 
values of 98.4% and 98.8% respectively. When these equations 
were used to calculate predicted values for the shade sets 
(Table 5.10) the predicted values were usually larger than 
the observed by up to 28%. The quadratic equation showed a 
slight tendency to be closer to the observed values (chi - 
X2 = 32.1 for linear and 18.8 for quadratic, df = 19), but 
this was not significant, reflecting the closeness of the 
two fitted lines (See Fig 5.4). 
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Pig 5.4 - The relationships between plant dry 
weights (y) and leaf dry weights (x) from all 
control values at day 25 harvests. The 
relationships are: 
y = -1.7 + 2.86x 
The statistical analysis is in the 
Appendix Number 15a. 
and 
y = 0.09 + 2.25x + 0.0196x 2 
The statistical analysis is in the 


















Table S. 10 
Observed plant dry weight (a) and expected plant dry weights (b) and (c), based 
respectively on the model y (Plant dry weight) = -1.7 + 2.86x (leaf dry weight) and y 
(Plant dry weight) = 0.09 + 2.25x (leaf dry weight) + 0.0196x2 (leaf dry weight) where leaf 
dry weight (x) is the weight of all control leaves. The equations were based on field data 
only (Chapter 4). Data are from all control harvests. The experiments were conducted in 
June and July 1992, and August, September and October 1991. Each value is the mean for four 
replicates. 
42% 25% PLS PDS 
June a 59.58 34.05 43.08 37.34 
b 65.06 41.12 53.70 52.38 
c 63.28 38.16 51.02 49.64 
July a 53.87 25.99 29.08 23.27 
b 64.83 35.33 38.82 34.33 
c 63.15 32.51 35.91 31.55 
August a 45.92 23.92 42.86 19.01 
b 52.84 34.93 53.21 25.41 
c 50.12 32.13 50.51 23.18 
September a 25.56 10.96 26.50 14.60 
b 31.96 16.32 25.81 21.32 
C 29.28 15.04 23.55 19.47 
October a 4.69 2.99 4.59 3.97 
b 4.70 2.10 4.10 4.22 
c 5.23 3.12 4.74 4.83 
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CHAPTER 6 - DISCUSSION 
6.1 INTRODUCTION 
The aims of this thesis have been to study the growth of 
plants of Lolium perenne S 23 under different controlled 
and uncontrolled conditions of light and temperature, and 
to establish simple growth models based on total dry 
weight and leaf dry weight. This chapter discusses 
separately the main findings. 
6.2 The methodologies used 
The effects of light and temperature on plant growth are 
not simple and complex interactions occur. These effects 
are studied satisfactorily only when experiments are well 
designed. The approach here was to combine laboratory 
and field experiments, each of which has advantages and 
disadvantages. 
The 	laboratory 	conditions 	provided 	controlled 
environments under which three light intensity regimes 
(full light, 50% and 75% shade) could be combined with a 
range of six pairs of temperature (10 to 20°C) in a 16-
hour photoperiod. These allowed easy comparisons between 
plants at pre-determined developmental stages. The 
disadvantages of the laboratory environment were space 
limitations which allowed only a small number of plants 
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to be grown at any one time in each environment. Because 
of time and the duration of the experimental programme it 
was not possible to use more than one run and temperature 
treatments were unrepeated. Also only a single light 
source was used so that the red:far red ratio was not 
varied. 
In field experiments, plants grew under more realistic 
conditions i.e. under variations of temperature, 
daylength, light quantity and quality which were not 
found in the laboratory. It is important to emphasize 
that certain factors were rather different in the field 
than in the laboratory; in particular the amount of 
received irradiance, which greatly influenced plant 
growth, and light quality, where especially red:far-red 
ratios varied. In the field more plants were grown and 
the conditions resulted, in at least the early season 
runs, in plants which were larger than those grown under 
controlled conditions. Temperature and irradiance could 
be readily measured but there were difficulties in 
deciding how to process substantial data in order to 
quantify effects on plants. The experimental design and 
considerations of workload determined that only harvests 
on a true chronological basis could be done in the field. 
Ideally, the different physiological and developmental 
stages of plants are best monitored using both 
chronological and developmental harvest programmes. In 
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the laboratory, all harvests were based on leaf 
development either of the control leaves or of the leaves 
in the shade treatments; there was no true 
chronologically based harvest. 
The most widely-used basis for developmental harvest is 
the Plastochron index (Lamoreaux et al., 1978; Dale & 
Milthorpe, 1983) which depends upon a number of 
assumptions: 
Early leaf growth occurs at an exponential rate. 
Early growth of successive leaves in only one plant 
occurs at the same relative rate. 
Successive plastochrons are of the same length for a 
particular plant. 
These assumptions were not met in the current studies 
where the plastochron was not constant - a common finding 
for the first formed leaves of grasses ( eg Dale, Fileppe 
& Fletcher, 1972) - and extension growth with time was 
linear for long periods. This necessitated the use of an 
alternative approach in the laboratory studies. 
Nevertheless it is possible to derive chronological-based 
estimates by graphical extrapolation to allow 
calculations of other parameters such as Qio• 
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6.3 Plant growth in different environments 
In the laboratory, the influence of light appeared to be 
greater than that of temperature on plant dry weight 
(Tables 3.1 & 3.2). This agrees with previous whole plant 
studies on a variety of grasses including Lolium pererme 
(Mitchell 1954a; Silsbury 1971; Warrington et al., 1978; 
Hunt & Halligan, 1981; Gaussoin et al., 1988) and also 
with results from analysis of parts of plants grown under 
controlled conditions (Mitchell 1953a, 1954b, 1955; 
Luxniore & Millington, 1971). The present findings 
showed largest values in the controls but the influence 
of shade treatments became progressively more substantial 
with time as any residual effects of seed reserves 
disappeared. It is interesting that in the semi-
chronological harvests plant dry weight was broadly 
proportional to the level of shade at the third leaf 
stage (Table 6.1); when examined on a developmental basis 
the differences between 50 L and 25 L were minimized 
because of the major effects of treatments on rates of 
leaf emergence and growth. 
Using graphical methods to analyse data for 3 
temperatures at days 24 and 30 (Table 6.2), thus 
identifying effects of age rather than development, 
clearly shows the interaction between light and 
temperature. At 10/10°C the effect of shade is 
relatively small and plant dry weight only became 
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Table 6.1 
Plant dry weights (mg) and their respective percentages 
at the third semi-chronological and developmental 
harvests. Data came from six temperatures and three 
light regimes (C = Control, 50% and 25% light intensity). 
The harvest day (HD) is shown (days after sowing). Each 
plant dry weight value is the mean for 4 replicates. 
Semi-Chronological Harvest 
T C (HD) (%) 50% (%) 25% (%) 
10/10 45.8 (53)100 19.9 43.4 10.8 23.5 
15/10 50.6 (40)100 17.3 34.2 8.4 16.6 
15/15 38.0 (32)100 20.4 53.7 10.0 26.3 
20/10 71.4 (30)100 28.9 40.4 13.2 18.5 
20/15 48.0 (26)100 27.1 56.4 10.1 21.0 
20/20 64.0 (24)100 27.3 42.6 13.9 21.7 
Developmental Harvest 
T C (HD) 	(%) (HD) 50% (%) (HD) 25% (%) 
10/10 45.8 (53) 	100 (61) 34.8 76.0 (66) 21.9 48.0 
15/10 50.6 (40) 	100 (46) 33.6 66.4 (53) 20.1 39.7 
15/15 38.0 (32) 	100 (37) 33.4 87.9 (41) 24.0 63.1 
20/10 71.4 (30) 	100 (33) 42.7 59.8 (37) 31.3 43.8 
20/15 48.0 (26) 	100 (29) 29.0 60.4 (33) 21.2 44.1 
20/20 64.0 (24) 	100 (27) 35.4 55.3 (30) 25.1 39.2 
T : Temperature 
C : Control 
(HD) : Harvest Day 
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Table 6.2 
Mean plant dry weights (mg) when the third leaf in the 
control treatment was fully expanded (day 24) and when 
same leaf was the fully expanded in the 25% shade 
treatment (day 30) at 20/20°C.* 
DAY 24 
330(pmol m 2 s 1 ) 165(Iflnol m 2 s 1 ) 85(Lmol m 2 s 1 ) 
CTL 50% 25% 
(mg) % (mg) % (mg) % 
10/10 	2.50 100 1.90 76.00 1.90 76.00 
15/15 10.00 100 6.30 63.00 3.50 35.00 
20/20 	64.00 100 24.00 31.25 12.00 18.75 
DAY 30 
CTL 50% 25% 
(mg) % (mg) % (mg) 
10/10 5.35 100 3.39 63.30 2.87 53.60 
15/15 31.60 100 15.80 50.00 7.90 25.00 
20/20 130.18 100 63.10 48.40 25.15 19.32 
* 	The other values were obtained by graphical methods, 
except control at 20/20CC. 
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proportional to light at higher temperatures at the later 
harvest. This indicates, as expected, a limitation on 
rate of dry weight gain through reduced photosynthesis 
and respiration at the low temperature. The current 
experiments only used young plants up to the third leaf 
stage and no more than 30 days old. Hunt & Halligan 
(1981) examined growth of L.perenne cv 'Grassland Ruanui' 
in controlled environments for longer periods, up to 106 
days. Their data at day 44 for plants grown at 10°C, and 
20°C, in a wider range of light intensities are shown in 
Table 6.3 where at the lower temperature (10°C) plant dry 
weight is much smaller but the effects of shade are also 
smaller. Thus a reduction in irradiance of 85% leads to 
a 68% reduction in plant weight at 10°C whereas a 
reduction of 90% in irradiance reduces plant weight to 
only around 2% of its control values at 20°C. 
Using graphical methods, the Qio data for dry weight gain 
by L. perenne ( Table 6.4) shows low values at the lowest 
light intensities. The high Qio values are related to the 
large differences between the plant dry weights with 
temperature. The Q10 values calculated from L. perenne 
cv 'Grassland Ruanui' (Hunt & Halligan 1981), restricted 
to 10 and 20 °C, also showed large effects of temperature 
modified by light, where in the control (940 - 980 gmol 
M-2 s) the Qio was larger, 65.7, than in the 20% shade 
treatment (179 - 202 nnol m 2 s) at 6.93. Thus there 
is general agreement on the important effects of shade 
and the temperature:shade interaction. The conclusion 
from this analysis is that while temperature 
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Table 6.3 
Plant dry weight (mg) and their percentages from plants of L.perenne L. cv 'Grassland Ruanui 9 grown 
at 10/10°C and 20/20°C during 44 days at different light intensities (.Lmol m2 s1).  Data came from 





jnnol 	n 2 
943 841.8 427.8 303.6 202.4 142.6 
100 89 45 33 21 15 
PLANT DRY WEIGHT 
(mg) 
89.1 89.1 50.1 44.6 39.8 28.2 
100 100 56.2 50 44.6 31.6 
20°C 
IRRADIANCES 
flno1 m 2 s- 
979.8 878.6 506 253 179.4 92 
100 89 51.4 26 18.3 9.4 
PLANT DRY WEIGHT 
(mg) 
5860 4330 2490 813 276 92 
100 73.9 42.5 13.8 4.7 1.6 
-157- 
Table 6.4 
* 	 ** Qio of mean plant dry weights (mg) of experiments 
conducted at 10/10, and 20/20°C under three light 
regimes. Data came from when third leaf control was 
full expanded Day 24 and when third leaf 25% shade 
was full expanded at Day 30. The other values were 





Temperatures 	 Light 	 Intensities 
	
CTL 	 50% 	 25% 
10/10 - 20/20 	25.6 	 14.1 	 7.2 
DAY 30 
Temperatures 	 Light 	 Intensities 
CTL 	 50% 	 25% 
10/10 - 20/20 	23.98 	 18.2 	 8.7 
* Log Qio = ( 	10 ) Log E2 (Salisbury & Ross, 1978) 
T2-T1 	K1 
where 	T1 = lower temperature 
T2 = higher temperature 
K1 = plant dry weight at lower temperature 
K2 = plant dry weight at higher temperature 
** Mean plant dry weights (mg) 
Day 24 
Temperatures Light Intensities 
CTL 50% 25% 
10/10 2.50 1.90 1.90 
20/20 64.00 27.30 13.90 
Day 30 
Temperatures Light Intensities 
CTL 50% 25% 
10/10 5.35 3.39 2.87 
20/20 130.18 63.10 25.10 
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exerts large effects on rate of growth, when expressed on 
a developmental scale, the effects of light are larger. 
In the field all harvests were based on time and not on 
plant development. The major differences between monthly 
runs can be related to temperature (Fig. 6.1). This 
agrees with previous findings where it was observed that 
the most important factor controlling growth of temperate 
grasses may be temperature (Woledge & Jewiss, 1969; Terry 
et al., 1983). The fact that the effects of shading 
treatments were found in all runs was expected, but the 
smaller reduction in plant dry weight due to shade in the 
low temperature October run suggests that at low values 
temperature overrides the light factor as seen in Table 
6.2. 
6.4 Leaf growth under different environments 
These studies concentrated on leaf length and leaf dry 
weight as the major growth parameters. 	Leaf area and 
width were difficult to measure because young leaves 
rolled very easily; thickness was also difficult to 
measure because of this and because leaves were rather 
tender and easily damaged. 
In laboratory studies, leaf dry weight, with one 
exception, showed the largest values in the control set 
when measured on the semi-chronological basis (Table 
3.4). This agrees with other previous studies in L. 
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Fig. 6. 1 
Plant dry weights (mg) related to different mean 
temperatures monthly runs. A - Control (S), B - 42% 
total light (+) and Poplar light shade (PLS) (0), C 













perenne involving dry matter measurements in shade 
treatments (Mitchell 1956; Silsbury 1970). It is 
interesting that there was no close relation between leaf 
dry weight and shade treatments as was observed for plant 
dry weight (Table 3.1). The light effect examined on a 
developmental basis (Table 3.2) appeared to show more 
complex response than on a semi-chronological basis. 
There were no significant differences at certain 
temperatures between the different light intensities, but 
the clearest indication of light effects occurred at the 
third leaf stage in the 20°C combinations, and there was 
an interaction between light and temperature for these 
sets. This agrees with Silsbury (1970) who observed 
significant effects of light at 20°C for the fourth leaf 
of L. perenne at day 30 (Table 6.5); Silsbury's data 
showed relatively closer parallels, in respect of 
response to light, with L. perenne S23 harvested (semi - 
chronological basis) on day 24, and on day 30 harvests. 
It is interesting that the fourth leaf dry weight in 
Silsbury's (1970) was much larger than that for fourth 
leaves of L.perenne S 23 in laboratory and even in field 
experiments where maximum values for dry weight of leaf 4 
never exceeded 7.7 mg. This difference could be due to 
the use of a different variety of L. perenne by 
Silsbury, or to different conditions of growth between 
the various studies. The third leaf stage appeared to be 
completely free of any developmental and nutritional 
influences from the seed. This contrasts with Loljum 
temulentum which has been claimed to be free from seed 
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Table 6.5 
Leaf dry weight (mg) of L. perenne S23 at days 24 and 30, 
and L. perenne (Silsbury 1970) at the day 30. 
Experiments were conducted under 209C. 
L. perenne S23 
Day 24-LEAF 3 
Light intensity 	Treatment 	Dry weight 
Jimol m 2 s 
	
330 	 Control 	8.50 
165 50% 	 7.00 
85 	 25% 3.47 











L. perenne S23 
Day 30 - L E A F 3 
Treatment 	Dry weight 
Control 	9.30 
50% 7.70 
25% 	 5.30 






L. perenne (Silsbury 1970) 
Day 30 - L E A F 4 
Light intensity 	Treatment 	Dry weight 
pmolm -2  s -1 
538.0 	 Control 	19.0 
174.8 32.4% 16.0 
101.2 	 18.8% 	13.0 







influences only at the fourth leaf stage and later (Ryle 
& Powell 1972; Pollock,1976; Pollock & Lloyd, 1977; 
Lloyd, 1980; Thomas, 1983a; Thomas, 1983b). 
One way of looking at effects of environment on leaf 
growth is to determine changes, as temperature or the 
light regimes vary. The leaf weight ratios in Fig. 6.2 
shows dry matter invested in leaves as a proportion of 
the total in the 10/10 and 20/20°C treatments in each of 
the light regimes using data from Chapter 3. The 
influence of light on the percentage investment in leaves 
was greater at 20/20°C than at 10/10°C where the 
investment was similar at all light intensities; whether 
at higher light intensities the effect would be still 
greater is unknown. This finding agrees with those of 
Hunt & Halligan (1981) where L.perenne L. cv 'Grasslands 
Ruanui' showed the maximum growth at 20°C resulted from a 
greater partitioning of dry weight to leaves than at 
lower temperatures. 	Interestingly, the light intensity 
used by Hunt & Halligan (1981) at 980 Amol m 2 s 	was 
much higher than used here, where from Fig. 6.2 a lower 
investment might be expected at higher irradiances. 
Relative investment in the roots was not examined by Hunt 
& Halligan (1981) but in the present experiments 
investment increased at higher light intensities (Table 















Light Level (%) 
Fig . 6.2 
Fig. 6.2 
Ratio leaf/plant dry weight (%) related to level of 
light. Data came from two temperatures (10°C = 0 & 20°C 
= •) and three levels of light intensity (100, 50 & 25%). 
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In the laboratory, leaf length in both semi-chronological 
and developmental harvests (Tables 3.11 and 3.12 )showed 
a tendency for greater influence of temperature, although 
effects were not very clear from leaf 1 to leaf 3. 
Possibly in other laboratory conditions with older plants 
and brighter conditions the effects of light on leaf 
length will be clearer. In the field, the second and 
third leaves showed clear effects of shade treatment 
until September but later in October temperature overrode 
shade (Tables 4.22 and 4.23). 
Both temperature and to a lesser extent, light, affected 
leaf appearance (Table 3.9). The effect of low light 
intensity in extending the interval between leaf 
appearance is probably due to nutritional factors, 
carbohydrate shortage from reduced photosynthesis at the 
lowest intensity inhibiting apical and primordial 
development. 
The published literature (Mitchell, 1953a; Silsbury, 
1970; 1971; Hunt & Thomas 1985; Hume, 1991) suggests that 
for L. perenne the shortest phyllochrons are found at 
temperatures 	above 17.5 - 18.3°C, as for cvs S 23 
'Wendy' and 'Caramba', and 20 - 30°C for cv'Grasslands 
Ruanui'. The optimum temperature for the development of 
this species is thus highly cultivar dependent and it 
might have been preferable to investigate contrasting 
cultivars in this study. 
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The reduction in tillering with shade in the laboratory 
(Table 3.10) was also observed by Mitchell & Coles (1955) 
and Davies et al (1983). The effect of temperature was 
not related to leaf appearance, as found by Hunt & Thomas 
(1985). The implications for growing L. perenne in the 
field are clear - rapid establishment and tillering to 
give a continuous sward is best achieved at high light 
conditions and fastest at higher temperatures. 
In field studies, the seasonal variation of light, 
temperature, daylength allowed growth of a greater number 
of pseudostems and tiller leaves than in laboratory 
conditions. Nevertheless leaf dry weight showed the clear 
influence of temperature as found in the laboratory 
(Table 4.17). Also partition of dry matter between leaves 
and plant (Table 4.18) increased in successive runs. 
Thus for the control, leaf weight accounted for 31% of 
the total in June 5th  harvest at day 25) compared with 
43% for the October run; figures for the 25% shade set 
were 44% as 43% respectively. 
The increase of leaf dry matter partition from June to 
October probably represents interaction with many 
parameters. Higher temperatures may favour high rates of 
photosynthesis and respiration allowing faster plant 
growth and high water use, requiring a relatively large 
root system. As temperature decreases photosynthesis 
decreases also (Pollock, 1982; Pollock et al., 1983; 
Thomas & Stoddart, 1984) with the respiration (Wilson, 
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1975), and transpiration rates (Acevedo et al., 1971; 
Westgate and Boyer, 1984; Van Volkenburgh & Boyer 1985) 
reducing both the availability of metabolites for root 
growth, and the need for a larger root system. This 
could be related to an alteration in the location of the 
main metabolic sink (Farrar, 1988) which in June was 
roots (Table 4.19) and in October mainly leaves. 
6.5 Effects of light quality on plant growth 
In the field experiments leaves in shade showed different 
values of Red:Far red Ratios (Table 4.3). The question 
is whether these different ratios affected plant 
development. There are data from laboratory (Deregibus 
et al. 1983; Casal et al 1985; 1987a; 1987b; 1990) and 
outdoor conditions (Deregibus et al., 1985; Casal et al., 
1986) showing light effects on tiller production and in 
general it has been shown that as red:far red ratios 
decreased tiller production also decreased. 
In both artificial and natural shade sets the light 
quantity was broadly similar (Table 4.1) i.e. in terms of 
quantity 42% artificial shade compared to Poplar light 
shade and 25% artificial shade to Poplar deep shade. 
However, artificial and natural shades showed differences 
in light quality, specifically in R:FR ratios and 
differences in plant measurements could be due to these 
quality differences. 	Both light quality and quantity 
varied much more 	in field conditions than in the 
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laboratory. 	Wind, sunflecks, cloudiness, natural and 
artificial shades, all contributed to this variability. 
The result was that the R:FR ratio was itself not 
constant either within or between runs (Table 4.3). R:FR 
ratios had no detectable effect on tiller production in 
Lolium perenne S23. This is in contrast to results for 
Paspalum dilatatum and Sporobolus indicus (Deregibus et 
al. 1985) and P. dilatatum and Lolium multiflorum (Casal 
et al., 1986) where low R:FR ratios reduced tillering. 
In the present experiments tillering production was not 
affected by low R:FR ratios (Tables 4.3 and 4.21). 
This lack of effect may be due to a number of reasons. 
Firstly in many of the published works, supplementary 
lighting was used to alter the R:FR ratios artificially; 
this was not done here. Secondly, the positioning of 
ryegrass plants in the field experiments (See Material & 
Methods), and the timing of the harvests, allowed little 
self-shading which could affect light quality as well as 
rates of photosynthesis. In published works (Woledge, 
1971; 1973; 1977) larger plants were used and the effects 
of self-shading on leaves was a significant factor on the 
rates of phtosynthesis. Finally, it is possible that 
effects may be different in older plants, exposed for 
longer to low R:FR ratios. 
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6.6 Leaf cell number 
Leaf cell number in grasses and cereals varies in 
response to shade and temperature. Thus Mitchell and 
Soper (1958), for L. perenne and Paspalum dilatatum, 
found no significant differences of shade and temperature 
(Full daylight, 14°C; and Shaded to 20% of full daylight, 
24°C) to cell number in lateral and longitudinal 
transects of leaves; Forde (1966) found variations of 
light and temperature (outdoor conditions in New Zealand, 
March to May, 10 to 20°C) affected cell number across the 
apical nieristem only in D. glomerata and not in 
L.perenne; Friend and Pomeroy (1970) found a greater 
number of epidermal cells for the fourth leaf of Kharkov 
winter wheat under 3000 than at 500 ft-c at 25°C, but no 
significant differences under the same light intensities 
at 15°C; Dale (1982) found very little variation in cell 
number for the first four leaves of wheat grown under 
controlled conditions with various combinations of light 
(200 - 400 Amol m 2 s) and temperature (15 and 20 0 C). 
The increase in cell number as temperature and light 
intensity increased was found for leaf 3 only (Tables 
3.13 and 4.24) in both field and laboratory. There are 
possible reasons why effects were not found for leaf 2. 
It could be that seed reserves influence the growth of 
the second leaf priinordia which in turn limits the growth 
potential of this leaf and its ability to respond to 
environmental variables. Milthorpe & Newton (1963) found 
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environmental effects to be greater for successive leaves 
of the dicotyledon Cucumis and in particular the effects 
of increasing radiation became progressively greater on 
the later larger leaves. 
In both field and laboratory studies shade increased leaf 
length in leaves 2 and 3 (Tables 3. 11, 3.12, 4.22 and 
4.23). With the smaller numbers of cells found in shaded 
treatments in the laboratory, larger cells would be 
expected, but in fact, mean cell size, judged by average 
cell fresh weight, was unaffected. This may be explained 
if the epidermal cells were larger and ntesophyll cells 
smaller than in the controls with the resultant mean cell 
size similar and a concomitant increase in intercelular 
space. In the field, cell fresh weight tended to be 
larger in the shade and this could mean that epidermal 
cells were also larger. Unfortunately, detailed 
information on cell size from epidermal dimensions was 
not obtained: in the laboratory leaves were tender 
becoming difficult the use of techniques which could 
damage the leaf; in the field leaves were stiff and 
tough, however, and measurement of epidermal cells from 
impressions might be possible in further work. 
6.7 Plant growth modelling 
Plant growth has frequently been analysed and often in 
terms of growth curves and growth equations. 	The 
equations sometimes have little theoretical value, but 
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may be useful for prediction or estimation (Erickson, 
1976). The objective of this study was to produce simple 
equations for predicting plant growth both in the 
laboratory and based on 'measured quantities' (Hunt, 
1978) or 'primary data' (Hunt, 1982) i.e. plant dry 
weight and leaf dry weight taken from laboratory data. 
6.7.1 Test of Models 
The duration of the experiments under laboratory 
conditions allowed plants to grow only to the 
pretillering stage except in a few cases where high light 
and temperature (20°C) allowed some tiller development in 
the control plants by the final harvest. Thus the derived 
equations originated from plants where the major dry 
matter contribution came from pseudostem leaves and roots 
only. 
All the data in the laboratory at 10/10, 15/15 and 
20/20°C fit smooth curves well described by the linear 
and quadratic equations (Figures 5.2 and 5.3). The 
linear equations using pseudostem leaves and all leaves 
(pseudostem plus tiller leaves) predicted plant dry 
weight in the other laboratory conditions reasonably well 
(Tables 5.1 and 5.2). 	This means a very close 
relationship plant and leaf dry weight. 	In fact the 
slopes of the linear curves suggest that dry matter in 
young seedlings is apparently partitioned about 40:60 to 
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leaves and other parts of the plant, independent of 
temperature or shade. 
Nevertheless this cultivar shows limited plasticity with 
respect to the partition of dry matter, at least in the 
laboratory conditions tested. A consequence of this is 
that these simple models are of some value in predicting 
the growth of young plants from simple measurements. 
Ideally it would be convenient to use non-destructive 
measures to predict growth and leaf length is an obvious 
option. However the relationship between leaf size and 
plant weight is a poor one and the fact that light 
intensity and leaf length are inversely related but not 
closely so (See low value of R 2 in Figure 5.1) means that 
using such simple measures is not useful. For field data 
the equations showed that plant and leaf weight were 
closely correlated only up to 15-day-old plants (i.e. 
plants 15 plus 10 days old; Tables 5.4 to 5.7) and up to 
this time the equation derived from laboratory data 
predicted growth in the field reasonably well. 
The predictive value of the laboratory data declines as 
the field grown plants become larger. In general, larger 
plants have more and/or larger tillers and production of 
tillers is dependent upon environment. This 
environmentally induced plasticity, whereby the size and 
number of tillers vary, means that models based on 
pseudostem leaf size values are likely, and indeed found 
to be inadequate. Taking tiller leaves into account 
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slightly improves the predictive value of the simple 
equations, with the non-linear versions between leaf 
weight and plant weight being superior. The long term of 
the relationship has not been examined, although seasonal 
trends in leaf weight rates have been described by others 
(Osman, 1971; Charles - Edwards, 1978), and might be 
expected to change. 
The models used here are extremely simple. Plant growth 
is not linear with time, nor is the relationship between 
plant parts constant over long periods. Nevertheless 
these simple models have been useful in predicting the 
growth of young seedlings in both laboratory and field. 
For larger, older plants more sophisticated modelling 
procedures would be expected. 
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APPENDIX 1 - Semi-chronological data. 
Plant Dry Weights 
A - Harvest 1 (Table 3.1) 
ANALYSIS OF VARIANCE 
SOURCE DF SS MS 
Temp 5 5.348 1.070 
Light 2 80.489 40.244 
INTERACTION 10 3.041 0.304 
ERROR 54 24.415 0.452 
TOTAL 71 113.293 
F = 1.070 = 
0.452 
LIGHT 
F = 40.244 = 89.03* - LSD5% = 0.66 
0.452 
INTERACTION 
F = 0.304 = 0.67 
0.452 
-192- 
APPENDIX 1 - Semi-chronological data 
Plant Dry Weights 
B - Harvest 2 (Table 3.1) 
ANALYSIS OF VARIANCE 
SOURCE DF SS MS 
Temp 5 59.33 11.91 
Light 2 1664.42 832.21 
INTERACTION 10 25.89 2.59 
ERROR 54 260.82 4.83 
TOTAL 71 2010.67 
TEMPERATURE 
F = 11.91 = 2.465* 	LSD5% = 1.86 
4.83 
LIGHT 
F = 832.21 = 172.3* - L5D5% = 2.15 
4.83 
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APPENDIX 1 - Semi-chronological data. 
Plant Dry Weights 
C - Harvest 3 (Table 3.1) 
ANALYSIS OF VARIANCE 













F = 147.7 = 3.81* 
38.7 
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APPENDIX 2 - Developmental data. 
Plant Dry Weights 
A - Harvest 1 (Table 3.2) 
ANALYSIS OF VARIANCE 
SOURCE DF SS MS 
Temp 5 8.994 1.799 
Light 2 53.864 26.932 
INTERACTION 10 3.326 0.333 
ERROR 54 25.423 0.471 
TOTAL 71 91.607 
TEMPERATURE 
F = 1.799 = 3.819* 	LSD5% = 0.6 
0.471 
LIGHT 
F = 26.932 = 57.18* - LSD5% = 0.198 
0.471 
INTERACTION 
F = 0.333 = 0.7 
0.471 
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APPENDIX 2 - Developmental data. 
Plant Dry Weights 
B - Harvest 2 (Table 3.2) 
ANALYSIS OF VARIANCE 
SOURCE DF SS MS 
Temp 5 57.07 11.41 
Light 2 468.27 234.13 
INTERACTION 10 64.72 6.47 
ERROR 54 359.00 6.65 
TOTAL 71 949.05 
MTB > Stop 
TEMPERATURE 
F = 11.41 = 
6.65 
LIGHT 
F = 234.13 = 35.2* - LSD5% = 2.53 
6.65 
F = 6.47 = 0.97 
6.65 
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APPENDIX 2 - Developmental data. 
Plant Dry Weights 
C - Harvest 3 (Table 3.2) 
ANALYSIS OF VARIANCE 
SOURCE DF SS MS 
Temp 5 2517.1 503.4 
Light 2 10285.3 5142.7 
INTERACTION 10 1270.3 127.0 
ERROR 54 2928.7 54.2 
TOTAL 71 17001.4 




APPENDIX 3 - Semi-chronological data. 
Leaf dry weights 
A - Harvest 1 (Table 3.4) 
Leaf 
ANALYSIS OF VARIANCE 
SOURCE DF SS 
Temp 5 0.2883 
Light 2 5.2308 
INTERACTION 10 0.3158 
ERROR 54 2.4850 






F = 0.0316 = 0.686 n-s 
0.0460 
LIGHT 
F = 2.6154 = 56.85* - LSD5% = 0.21 
0.0460 
TEMPERATURE 









APPENDIX 3 - Semi-chronological data. 
Leaf dry weights. 
B - Harvest 2 (Table 3.4) 
Leaf 
ANALYSIS OF VARIANCE 







F = 1.879 = 574* 
	
LSD5% = 0.48 
0.327 
LIGHT 
F = 36.139 = 110.5* - LSD5% = 0.56 
0.327 
INTERACTION 













APPENDIX 3 - Semi-chronological data. 
Leaf dry weight. 
C - Harvest 3 (Table 3.4) 
Leaf 
ANALYSIS OF VARIANCE 







F = 17.24 = 11.65* 
	
LSD5% = 1.03 
0.48 
LIGHT 
F = 238.49 = 161.14* - LSD5% = 1.19 
1.48 
INTERACTION 
F = 2.08 = 1.4 
1.48 
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APPENDIX 4 - Developmental data. 
Leaf dry weights. 
A - Harvest 1 (Table 3.5) 
Leaf 
ANALYSIS OF VARIANCE 
SOURCE 	 DF 	SS 	MS 
Temp 5 0.3579 0.0716 
Light 2 5.6933 2.8467 
INTERACTION 10 0.2850 0.0285 
ERROR 54 2.5025 0.0463 
TOTAL 71 8.8387 
TEMPERATURE 
F = 0.0716 = 1.54 
0.0463 
LIGHT 
F = 2.8467 = 61.48* - L5D5% = 0.21 
0.0463 
INTERACTION 
F = 0.0285 = 0.615 
0.0463 
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APPENDIX 4 - Developmental data. 
Leaf dry weights. 
B - Harvest 2 (Table 3.5) 
Leaf 
ANALYSIS OF VARIANCE dry 














F = 1.096 = 3.23* 
	
L5D5% = 0.49 
0.339 
LIGHT 
F = 8.422 = 24.84* L5D5% = 0.57 
0.339 
INTERACTION 
F = 0.241 = 0.71 
0.339 
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APPENDIX 4 - Developmental data. 
Leaf dry weights. 
C - Harvest 3 (Table 3.5) 
Leaf 
ANALYSIS OF VARIANCE 
SOURCE DF SS MS 
Temp 5 68.00 13.60 
Light 2 125.85 62.93 
INTERACTION 10 9.91 0.99 
ERROR 54 90.11 1.67 
TOTAL 71 293.88 
TEMPERATURE 
F = 13.6 = 8.14* 
	
LSD5% = 1.1 
1.67 
LIGHT 
F = 62.93 = 37.68* - LSD5%= 1.26 
1.67 
INTERACTION 
F = 0.99 = 0.59 
1.67 
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APPENDIX 5 - Semi-chronological data. 
Leaf lengths. 
A - Harvest 1 (Table 3.11) 
Leaf 
ANALYSIS OF VARIANCE 
SOURCE DF SS MS 
Temp 5 10212.4 2042.5 
Light 2 1138.0 569.0 
INTERACTION 10 671.3 67.1 
ERROR 54 1889.2 35.0 
TOTAL 71 13910.9 
TEMPERATURE 
F = 2042.5 = 58.35* 	 LSD5% = 5.0 
35 
LIGHT 
F =569 = 16.26* LSD5% = 5.8 
35 
INTERACTION 









APPENDIX 5 - Semi-chronological data. 
Leaf lengths. 
B - Harvest 2 (Table 3.11) 
Leaf 
ANALYSIS OF VARIANCE 
















APPENDIX 5 - Semi-chronological data. 
Leaf lengths. 
C - Harvest 3 (Table 3.11) 
Leaf 
ANALYSIS OF VARIANCE 










APPENDIX 6 - Developmental data. 
Leaf lengths. 
A - Harvest 1 (Table 3.11) 
Leaf 
ANALYSIS OF VARIANCE 







F = 132.4 = 2.82* 
46.8 














APPENDIX 6 - Developmental data. 
Leaf lengths. 
B - Harvest 2 (Table 3.12) 
Leaf 
ANALYSIS OF VARIANCE 
















APPENDIX 6 - Developmental data. 
Leaf lengths. 
C - Harvest 1 (Table 3.12) 
Leaf 
ANALYSIS OF VARIANCE 







F = 6523 = 21.88* 
298 
LIGHT 





LSD5% = 14.6 
LSD5% = 16.9 
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APPENDIX 7 
The linear relationship between plant dry weight and 
accumulated length of leaves 1, 2 and 3. 	(Fig. 5.1) 
The regression equation is 
wplant = -2.79 + 0.0798 length 
Predictor Coef 	Stdev t-ratio p 
Constant -2.786 2.643 -1.05 0.298 
Length 0.07891 	0.01077 7.41 0.000 
s = 9.015 R-sq = 56.1% R-sq(adj) = 55.1% 
Analysis of Variance 
SOURCE DF 	SS 	MS F p 
Regression 1 4464.8 4464.8 	54.93 0.000 
Error 43 	3494.9 	81.3 
Total 44 7959.7 
APPENDIX 8 
The linear relationship between plant dry weight and 
accumulated leaf dry weight (First Harvests). Fig. 
5.2A 
The regression equation is 
dwpLl = 0.691 + 1.95 dwLl 
Predictor Coef 	Stdev t-ratio p 
Constant 0.6909 0.223 3.09 0.009 
dwLl 1.9533 	0.1404 13.91 0.000 
s = 0.2567 R-sq = 93.7% R-sq(adj) = 93.2% 
Analysis of Variance 
SOURCE DF 	SS 	MS F p 
Regression 1 12.759 12.759 193.61 0.000 
Error 13 	0.857 	0.066 
Total 14 13.616 
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APPENDIX 9 
The linear relationship between plant dry weight and 
accumulated leaf dry weight (Second harvests). (Fig. 
5.2B) 
The regression equation is 
dwpL2 = 0.373 + 2.10 dwL2 
Predictor Coef 	Stdev t-ratio p 
Constant 0.3728 0.4730 0.79 0.445 
dwL2 2.09899 	0.09373 22.39 0.000 
s = 0.6485 R-sq = 97.5% R-sq(adj) = 97.3% 
Analysis of Variance 
SOURCE DF 	SS 	MS F p 
Regression 1 210.88 210.88 501.45 0.000 
Error 13 	5.47 	0.42 
Total 14 216.34 
APPENDIX 10 
The linear relationship between plant dry weight and 
accumulated leaf dry weight (Third Harvests). Fig. 
5.2C. 
The regression equation is 
dwpL3 = - 6.51 + 2.88 dwL3 
Predictor Coef 	Stdev t-ratio p 
Constant -6.512 2.619 -2.49 0.027 
dwL3 2.8845 	0.2026 14.24 0.000 
s = 3.632 R-sq = 94.0% R-sq(adj) = 93.5% 
Analysis of Variance 
SOURCE DF 	SS 	MS F p 
Regression 1 2674.2 2674.2 202.73 0.000 
Error 13 	171.5 	13.2 
Total 14 2845.7 
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APPENDIX 11 
The linear relationship between plant dry weight and 
accumulated pseudostem leaf dry weights. Fig. 5.3Aa. 
The regression equation is 
wplant = -1.0611 + 2.48 wleaf 
Predictor Coef 	Stdev t-ratio p 
Constant -1.0611 	0.5593 -1.90 0.065 
WLeaf 2.48107 0.06934 35.78 0.000 
s = 2.453 R-sq = 96.8% R-sq(adj) = 96.7% 
Analysis of Variance 
SOURCE DF 	SS 	MS F p 
Regression 1 7701.0 7701.0 1280.23 0.000 
Error 43 	258.7 	6.0 
Total 44 7959.7 
APPENDIX 12 
The linear relationship between plant dry weight and 
accumulated all leaves dry weights. Fig. 5.3Ab. 
The regression equation is 
plant = - 0.787 + 2.40 all 
Predictor Coef Stdev t-ratio p 
Constant -0.7873 0.4684 -1.68 0.100 
All 2.40754 0.05682 42.37 0.000 
s = 2.081 R-sq = 97.7% R-sq(adj) = 97.6% 
Analysis of Variance 
SOURCE DF 	SS MS F p 
Regression 1 7773.5 7773.5 1795.29 0.000 
Error 43 	186.2 4.3 
Total 44 7959.7 
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APPENDIX 13 
The quadratic polymomial relationship between plant dry weights and the accumulated pseudostem 
leaf dry weights. Fig. 5.3Ba. 
Total points = 45 
Points in fit interval = 45 
Sums of Squares 
Degree 	of Residuals 
0 7959.68 
1 	 258.66 
2 116.319  
Percent of Residuals 




y = 1.62 + 1.43x + 0.0575x2 
Fitting Interval Limits 







The quadratic polymoinial relationship between plant dry weights and the accumulated all leaf 
dry weights. Fig. 5.3Bb. 
Total points = 45 
Points in fit interval = 45 
Sums of Squares 




Percent of Residuals 




y = 1.17 + 1.67x + 0.0379X2 
Fitting Interval Limits 








The relationship between plant dry weights and leaf dry weights from all control values at 
day 25 harvests. Fig. 5.4. 
a) 	Linear 
The regression equation is plant = - 1.71 + 2.87 leaf 
Predictor Coef Stdev t-ratio 	p 
Constant -1.711 1.039 -1.65 0.113 
Leaf 2.86597 0.07536 38.03 	0.000 
s = 3.932 	R-sq = 98.4% 
	
R-sq(adj) = 98.4% 
Analysis of Variance 
SOURCE DF SS 
Regression 1 22359 
Error 23 356 
Total 24 22715 
b) 	quadratic polynomial 
Total points = 45 
Points in fit interval = 45 
Sums of Squares 








22359 1446.20 0.000 
15 
Fitting Interval Limits 
0.37 to 36.45 
Percent of Residuals 
	 Polynomial 








y = 0.09 + 2.25x + 0.0196x2 
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